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Abstract

This work propz-au ~ew black-wattle tannin/kraft lignin H3POg-activated carbon
xerogels as sustainable cna efficient adsorbents. The precursors were chosen based on their
eco-friendly and cost-effective nature, aiming to achieve adsorbents with high adsorption
capacities. Carbon xerogels were synthesized through polycondensation with formaldehyde
and alkaline catalyst in a simple one-pot procedure. Activation was performed using H3PO,4
in a tubular furnace (500 °C), under a nitrogen atmosphere. Results show that the inclusion of
the kraft lignin led to changes in the morphology of the materials, facilitating the
development of their porous structure and increasing specific surface area and pore volume.

The best adsorbent (XLT 50%) was synthesized using a 1:1 tannin/kraft lignin mass ratio.



This material presented an adsorption capacity of nearly 1150 mg g™ of methylene blue
(pH=5 and T=298K), which was linked to its high specific surface area of 1348 m? g™*. The
adsorption process followed the pseudo-second-order kinetic model, whereas the adsorption
isotherms were best fitted by the Sips model. The XLT 50% presented good reusability
properties, maintaining its adsorption capacity for 3 cycles. Finally, the XLT 50% presented
good adsorptive properties toward other pollutants (methyl orange, 4-chlorophenol, and
hexavalent chromium), indicating its versatility for adsorption processes.

Keywords: Tannin; Kraft lignin; Activated Carbon.

1. Introduction

Nowadays, the remediation of contaminated irdus:rial wastewater has become one of
the main topics of interest investigated by the globe’ scientific community, as the release of
toxic effluents into natural aquatic bodies has a . 2t=strophic potential to harm a huge variety
of living organisms, including human be.ngs [1,2]. In this context, the release of dyes into the
environment by the textile industry has ~ttracted considerable attention, as nearly 20% of the
estimated annual production of Ave~ (700000 tons) has been reportedly discarded into
waterbodies throughout the . aneu [3,4]. As one of the main dyes applied to industrial
processes, methylene blue (V'R is of particular interest due to its harmful properties, such as
high color saturation > water (inhibiting the algae photosynthesis process) and elevated
toxicity to humans, leading to health issues such as respiratory distress, nausea, diarrhea, and
paralysis [5,6].

Consequently, the development of efficient, low-cost, and sustainable water treatment
processes is of the utmost importance to tackle the aforementioned issue. Recently, several
processes surfaced as potential alternatives to the treatment of contaminated effluents, such as
heterogeneous photocatalysis, biological treatment, Fenton-based processes, flocculation, etc

[7-11]. Among these, adsorption processes using activated carbons have gained considerable



attention due to their elevated efficiency to remediate a large variety of contaminants in
aqueous environments, englobing dyes, pesticides, antibiotics, and heavy metals [12-14]. As
for the activated carbons used in such processes, great efforts have been applied by the
scientific community in order to synthesize cost-effective and highly efficient adsorbents
based on natural biomasses, with a special focus on the overall sustainable nature of these
materials [15].

With that in mind, the application of industrial carbonaceous byproducts has taken
center stage in the development of new adsorbents. As an examnle, condensed tannins, which
are commonly extracted from tree barks, can be considerza . particularly suitable precursor
for carbonaceous adsorbents [16]. As such, black wa:tle tannin has been successfully
employed as a precursor to carbon xerogels with great adsorption capacities for the
remediation of effluents containing phenol anc' C.°"17,18].

Besides condensed tannins, anot! =r r xtremely important carbon precursor obtained as
a byproduct in industrial processes can “e found in the form of kraft lignin. This material is
derived from the Kraft process of ~ell.''use pulping, accounting for approximately 85% of the
global lignin production [19]. :*is estimated that the paper industry produces more than sixty
thousand metric tons of kraty ‘it nin per year, of which only 2% is further commercialized [5].
Recently, the applicatic™ ur kraft lignin was reported in the most diverse fields by related
literature, such as biosensors, capacitors, construction materials, controlled release of drugs,
tissue engineering, and cosmetics [20-23]. Regarding the adsorption process, lignin is
currently applied in the most diverse forms, such as modified lignin, with the inclusion of
oxygen, nitrogen, and sulfur-based functional groups, lignin composites, such as SiO,-lignin
and TiOy-lignin, and various types of adsorbents based on activation processes [1,24].
Considering the tannin molecule previously described, it has been reported that the inclusion

of kraft lignin in tannin-based carbon aerogels can extensively modify their porous structure,



resulting in carbonaceous materials with high specific surface areas and pore volumes [25].
However, the further activation of tannin-kraft lignin carbon gels and their application as
potential adsorbent materials has not been reported by the related literature, to the best of our
knowledge.

Thus, this work proposes the development of simple, sustainable, and cost-effective
activated carbons based on tannin/kraft lignin xerogels, focusing on their use as potential
adsorbent materials for the remediation of industrial effluents. Furthermore, the adsorbents
proposed were extensively characterized in order to understan? t1.o effect of the tannin/kraft
lignin mass ratio on the adsorption capacity displayed by each material, aiming to obtain an

optimized activated carbon fit for application in highlv =1::~ient adsorption processes.

2. Materials and methods

2.1 Synthesis of the tannin/kraft lignir. H-"/O4-activated carbon xerogels

Firstly, 0.4 g of potassiur~ hy+-oxide (KOH, 85 % w/w) was solubilized in 50 mL of
deionized water. After that, p.>-deiined amounts of tannin (PHENOTAN AP, Tanac S.A.)
and kraft lignin (provided hy Suzano Papel e Celulose S.A.) were added to the solution and
kept under magnetic su."iny until the complete dissolution of both carbonaceous precursors.
Subsequently, 4 mL of formaldehyde solution (37 % w/w) was added to the system, which
was then sealed and stored in an oven set at 85°C. The polycondensation of the gels was
carried out for 4 days in the oven. Subsequently to the polycondensation reaction, the
monoliths obtained were ground and sifted through a 200-mesh analytical sieve. The
materials were then washed with deionized water until pH = 7 was observed in the filtrate.

For the activation with phosphoric acid, 1 g of the obtained tannin-kraft lignin

xerogel was mixed with 4 mL of H3PO4 (85% wi/w) in a porcelain crucible, which was left in



an oven at 85 °C for 3 h to promote the impregnation process. After that, the mixture was
inserted in a tubular muffle furnace and calcined at 500 °C for 2 h, with a nitrogen
atmosphere (0.5 L min™) and a heating ramp of 10 °C min ™. The materials obtained were
once again washed with deionized water and sieved through a 325 mesh analytical sieve. The
activated carbons obtained were named XLT w%, where w% represents the mass percentage
of kraft lignin used in the synthesis. Table 1 displays the amounts of tannin and kraft lignin

used for each synthesis.

Table 1. Amounts of tannin and kraft lignin used in the pr:pa.ation of the XLT w%

Material Tannin (g) | Kraft lignin (g)
XLT 0% 4 0
XLT 25% 3 </ 1
XLT 50% 2 v, 2
XLT 75% 1 3

2.2 Characterization

The nitrogen isoherms of the samples were recorded using a V-Sorb 2800 device
(Gold APP). Initially, the samples were thermally treated for two hours under vacuum at 120
°C. The Brunauer-Emmett-Teller (BET) technique was used to calculate the materials'
specific surface areas, whereas the total pore volume was determined at a relative pressure of
0.99. The non-local density functional theory (nLDFT) was used to determine the size
distribution of the pores, while the T-plot method was used to define the micropore
parameters using the Harkins-Jura model.

A PANalytical X'Pert PRO MPD 3060 diffractometer was employed to obtain the




diffractograms of the XLT w% samples, using a copper X-ray radiation source (CuKa). The
following settings were used to run the equipment: 30 mA of current, a voltage of 40 kV, and
a step of 0.02 °s™X. A TESCAN MIRA 3 scanning electron microscope with a field emission
gun (FEG-SEM), operating in the secondary electron detection mode, was used to examine
the morphology of the XLT w%. A Perkin Elmer spectrometer (Frontier model) equipped
with a UATR sensor (range: 4000 to 400 cm™, 16 scans per sample) was used to perform the
FT-IR spectroscopy analysis of the XLT w%.

The approach outlined by Wang et al. was used to est:™ma.> the point of zero charge
(PZC) of the XLT w% [26]. Amber glass bottles were fill :a . 1th 25 mL of potassium nitrate
solution (0.1 mol L™). By the addition of 0.1 mol L™ MaCY and HCI solutions, the pH of the
solution was set in values ranging from 2.5 to 11. 7o cach bottle, 0.05 g of XLT w% was
added. The flasks were linearly stirred and sha. e for 24 hours in a Dubnoff thermostatic

bath.

2.3 Adsorption evaluation

For the adsorption sc'ries, the experiments were conducted in a jacketed beaker
maintained at room wen. erature. 0.02 g of XLT w% was added to the system along with 100
mL of methylene blue (MB) solution. The system was kept under magnetic stirring and
samples were collected at predefined times using a syringe and filtered using 0.22 um nylon
filters. The MB concentration in the samples was measured using a Shimadzu UV-2600 UV-
Visible spectrophotometer at the wavelength of 673 nm [27].

The effect of pH on the adsorption process was studied using MB solutions (250 mg
L) with different values of pH. The pH of the system was evaluated in the range between 2

and 11, using 0.1 mol L™ NaOH or HCI solutions to set the pH values. 0.02 g of XLT 50%



was added to the system, and the procedure was carried out as described in the last paragraph.

The effect of the MB concentration on the adsorption process was investigated to
determine the adsorption isotherms of MB by the XLT 50%. To that intention, 0.02 g of XLT
50% was added to a jacketed beaker containing 100 mL of MB solution (pH = 5) with
concentrations between 125 and 300 mg L. This procedure was performed at temperatures
ranging from 40 °C to 60 °C.

The reusability evaluation was performed in the following manner: an XLT 50%
sample was subjected to the adsorption process using the opt’...~l conditions determined (pH
=11, Co = 250 mg L, adsorbent dosage = 0.2 g L™, V = u5 L and T = 25 °C). After the
adsorption equilibrium was reached, the adsorbent v.2~ scparated and added to 150 mL of
ethanol (99% w/w), where it remained under magr.tic -tirring for 2 h. The adsorbent was
then separated from the ethanol solution, was:ieu “.ith deionized water, and dried in an oven
at 100 °C. The dried adsorbent sample \ as then subjected to another adsorption cycle. The
process was repeated for 5 cycles, as de.~ribed above [28].

The adsorption evaluatic.. fu: methyl orange (MO), 4-chlorophenol (4CP), and
hexavalent chromium (Cr®") ‘was carried out using the same methodology proposed
previously for methylene 2"ie. rhe methyl orange was detected at the wavelength of 464 nm,
whereas the 4-chlorophcnol was detected at 224 nm [27,29]. The concentration of Cr®* was

calculated by the diphenyl carbazide methodology, using the wavelength of 540 nm [30].

3. Results and discussion

3.1 Characterization

Figure 1 shows the XLT 50% carbon xerogel after the gelation process and before



activation by phosphoric acid.

Figure 1. XLT 50% after the gelation process and before activation by phosphoric acid

As Figure 1 shows, the resulting w.nnin-kraft lignin xerogel is obtained as a smooth
resin-like  monolith with dark-fLrovn color. This behavior is characteristic of
tannin/formaldehyde-based xer-qgels produced through alkaline route, indicating high
crosslinking between the prec 'rsur molecules used in the synthesis [31]. It is also valid to
point out that all materia s pr yduced displayed the same appearance as the XLT 50%.

Figure 2 shows t'ie X-ray diffractograms of the XLT w% materials synthesized.



Figure 2. X-ray diffractograms obtained for the XLT w% materials
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The results obtained show the p-ese'ice of silicon phosphate (SiP,0-) in the structure
of the XLT w% materials. This inory>nic compound presents itself in the materials in both
the hexagonal and monoclinic phases a: indexed in Figure 2. The presence of such silicate is
probably linked to the reactior. ot the silicon present in the tannin with the phosphoric acid
used in the activation proce=s, as it is clear that a higher quantity of tannin is intrinsically
linked to a higher qua.*ity =« SiP,0O;, Furthermore, it is also possible to notice the presence of
a wide halo located in between 20° and 30°, which can be linked to the (002) reflection plane
of the turbostratic structure of graphite microcrystallites obtained in the carbonaceous phase
[32,33].

Figure 3 shows the infrared spectrum of the XLT w% samples.



Figure 3. Infrared spectrum of the XLT w% materials.
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The peaks observed in the spectra >t w2 XLT w% can be identified in the following
manner: Si-O-Si bondings (496 and 1158 ¢i.~%), O-P-O bondings (660 cm™), C=C of skeletal
aromatic rings (1560 cm™), P-C bun.ing of phosphate functional groups (760 cm™), P-O
groups and C-O bondings fror~ alcuholic groups (1040 cm™), and C-H from methylene
groups (2950 and 3000 cm™) [24-37]. It is noticeable that the IR results agree with the XRD
profiles regarding the pr 'sen. e of the silicon phosphate component, as an increase in the kraft
lignin content clearly le‘ds to a reduction of the bands related to the Si-O-Si bondings.
Furthermore, the band related to the C=C groups from aromatic rings increases with the
addition of kraft lignin to the materials, which is coherent with the complex polymeric
structure of this carbonaceous precursor while also evidencing its inclusion into the xerogel’s
structure.

Figure 4 shows the scanning electron micrographs obtained for the XLT 50% at

different magnifications, while Figure 5 shows the micrographs obtained for all XLT w%, at

100000x magnification.



Figure 4. Micrographs obtained for the XLT 50%, at different magnifications: A) 10000x; B)
50000x; C) 200000x and D) 500000x
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Figure 5. Micrographs obtained for the XLT w%, at 100000x magnification: A) XLT 0%; B)
XLT 25%; C) XLT 50% and D) XLT 75%
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Firstly, Figure 4 shows that the XLT 50% is composed of large polyhedral particles

with a large quantity of slit-shaped superficial pores. The pore thickness observed is of



approximately 10 nm, with variable lengths. As for the rest of the materials, Figure 5 shows
that the inclusion of the kraft lignin into the xerogel structure led to the creation of deeper
more defined pores on the surface of the XLT w%. It is also possible to notice that the XLT
75% presented a more compact porous structure with narrower pores.

Figure 6 and Table 2 display the nitrogen adsorption-desorption isotherms obtained
for the XLT w% materials, along with the pore size distribution and the morphological

parameters obtained employing the methodologies described in Section 2.2.

Figure 6. A) Nitrogen adsorption-desorption isotherms tu. the XLT w%; B) Meso and

macropore size distribution for the XLT w%; C) Micrrno, ~ distribution for the XLT w%

A) B)
600 |
—=— XLT 0% e
5504 o
A T oo s agaprat! ol 0.08 7 1 —e XLT 25%
500 XLT 50% aA At | I A XLT 50%
s T [A A 4| —v XLT 75%
mE / A O |
€ 450 1 e 006 /|
Z; ol og? ,~ OO b F'F |
£ 400 4 / ... .cit.*!ioato ro? o m@ "A “
S |
3 . |
Q 350 1 e _agiuiatuiaty YE S g0 & U‘
g o > il
2 300 3 Vi 1
i A AfmLAl o v VT 3 /A
vV 1/ i
& 250 02l [/ ¥ Y
1/ e \‘\‘Ax
200 + 1/ L\ A‘ .
/ / e AA L A, _a
150 T — —_——n] 0.00 ) m"‘l = = A S —
0.0 0,2 4 v,6 0,8 ’ T

1,0

Pore diameter (nm)




—a— XLT 0% a
0,0260-f —@ XLT 25% /o4
—4— XLT 50% o/ M e
0 Jal AN A
- CvOXLT75% 4 - e
£ 0,0195 \:
‘;)m o v
5 v
0,0130
z v
>
©
0,0065 - v
v
0,0000 &% , :
1,0 15 2,0 2,5
Pore diameter (nm
C) (nm)

Table 2. Morphological parameters obtained for the XL~ wvo

Material Specific surface area Micropore_ Pore volume Micropore
(SSA, m?g™) area ri¢i;Y)  (PV,cm®g?) volume (cm®g?)

XLT 0% 960.16 105.10 0.5725 0.0183

XLT 25% 1115.48 ‘ 194.64 0.6610 0.0620

XLT 50% 1348.76 ) 329.13 0.8600 0.1329

XLT 75% 798.75 461.78 0.4618 0.2082

The isother:n. m 2l the XLT w% can be classified as a mixture between types I-H4

and 1V-H4, characteristic of micro-mesoporous materials, where the large adsorbed volume

at low pressures is suggestive of the presence of micropores and the characteristic behavior of

the isotherms at high pressures indicates the formation of mesopores [38]. The type H4

hysteresis loop indicates the presence of narrow slit-like pores, which is consistent with the

porous structure observed in the micrographs of the samples [39].

The mesopore size

distribution shows that all of the XLT w% materials have porous structures mainly composed

of pores in the region between 2-8 nm, which is once again consistent with the micrographs




obtained for the materials. It is also noticeable that the addition of kraft lignin to the xerogels
provoked a continuous reduction in the number of macropores with diameters between 100-
200 nm. As for the micropore region, the XLT 0%, 25%, and 50% have a main micropore
diameter of approximately 2.1 nm, whereas the XLT 75% has a main micropore size of 1.7
nm. Considering the length of the methylene blue molecule which will be used in the
adsorption experiments (1.447 nm), the reduction of micropore size in the XLT 75%, coupled
with the decrease of available mesopores, will probably cause a negative effect on the
adsorption properties of this material [40].

As for the specific surface area of the material, a ~ontinuous enlargement of the
micropore network was observed for materials with hiahc kraft lignin contents. Overall, the
specific surface area and pore volume of the meZenc!s increased along with the lignin
content, except for the material XLT 75%, wkrici. displayed the lowest values of SSA and PV
among the adsorbents produced. Thus, .- is evidenced that the 1:1 mass proportion between
tannin and kraft lignin was optimal wc increase the SSA and PV of the activated carbon
xerogel developed in this work.

3.2 Evaluation of adsorptive p. 2perties using the methylene blue cationic dye

Figure 7A shu vis the effect of contact time for the adsorption of methylene blue
using the activated carbons prepared, whereas Figure 7B shows the correlation between the
specific surface area of the materials and their maximum adsorption capacity (obtained after

using the pseudo-second-order kinetic model described in Equation 2).

Figure 7. A) Adsorption of methylene blue (MB) by the XLT w% materials (V = 100 mL,
adsorbent loading = 0.02 g, MB concentration = 250 mg L™); B) Correlation between the

specific surface area of the materials and their maximum adsorption capacity
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The results obtained show that the XLT 50.~ achieved the highest adsorption
capacity among the materials evaluated, with an ~quilibrium adsorption capacity of
approximately 1150 mg g™ after 60 min. It cen ‘e “een from the results displayed in Figure
7B that the maximum adsorption capaci‘tes Jf the activated carbon xerogels are intrinsically
linked to their specific surface area, a. a nearly linear relation can be derived between these
two variables. This result is expertec ufter all, a higher surface area will provide a greater
number of active sites for the 21soigtion process to take place. Thus, it is highlighted that the
inclusion of the kraft lignin (» the tannin/formaldehyde xerogel resulted in a superior carbon-
based adsorbent for tne decontamination of the MB effluent studied in this work.

As for the kinetic evaluation of the adsorption process, the commonly used models
are the pseudo-first-order model (Equation 1), the pseudo-second-order model (Equation 2),

and the intraparticle diffusion model (Equation 3).

kit
2.303

log(ge — q¢) = logqe — 1)
where qt and ge are the adsorbed amount of MB at a given time (t) and at
equilibrium, respectively, and k; is the rate constant of the pseudo-first-order adsorption

model.
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where k; is the rate constant of the pseudo-second-order adsorption model.

qc = kit +cp (3)

where k; is the kinetic constant and cy is the thickness of the boundary layer of the
diffusion process.

Table 3 summarizes the results obtained using the pseudo-first-order and pseudo-

second-order kinetic models.

Table 3. Kinetic parameters for the methylene blue adsorg‘ion process

Material Pseudo-first order Pse.'do-second order

ki(h™)  [ae(mgg™) |R® k(g mg~h”) |g(mgg”) [R®
XLT 0% 0.161 316.2 N7sC | 0.00088 526.3 0.995
XLT 25% 0.207 524.8 0.705 0.00067 714.3 0,998
XLT 50% 0.224 870.9 1 0.939 0.00043 1241.6 0.998
XLT 75% 0.276 2201 0.960 0.00183 270.3 0.995

Table 3 shows that the pseudo-second-order model better describes the adsorption
process studied, as the *alues of R are closer to 1 and the g values are closer to the
experimental values obtained. Thus, it is indicated that the rate-limiting step of the MB
adsorption onto the XLT w% is the chemical sorption (chemisorption) step.

As for the intraparticle diffusion model, Figure 8 and Table 4 show the results

obtained.




Figure 8. Intraparticle diffusion model applied for the XTF w% materials
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Table 4. Intraparticle diffusion model parameters nkained from the XLT w%

Material ki (mg g min'?) Tz ko (mg g min'?) R’

XLT 0% 290.54 0.98 37.22 0.98
XLT 25% 278.45 0,98 92 0.99
XLT 50% 607.96 N\ 0.99 159.6 0.99
XLT 75% 73.6 0.99 45.7 0.98

Figure 8 shows hat, for all materials, the adsorption mechanism described by the
intraparticle diffusion model can be separated into three different steps. The first one, which
occurs at the initial stages of the adsorption process, can be identified as the boundary-layer
diffusion step and is related to the external mass transfer of MB to the surfaces of the XLT
w%, leading to adsorption on the external surfaces of the adsorbents. The second step, which
was the rate-limiting step for all materials (kz < k1), relates to the intraparticle diffusion of the
MB onto the active adsorption sites present within the XLT w% particles. Finally, the third

step corresponds to the adsorption equilibrium of MB, where all of the active adsorption sites



available have been saturated [41,42].
Figure 9 shows the results of the pH influence on the adsorption capacity obtained

by the XLT 50% adsorbent.

Figure 9. Influence of pH on the adsorption capacity of the XLT 50% adsorbent
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To evaluate the results <\bta.ned in Figure 9, it is first necessary to define that point
of zero charge value for all the X_T w% was close to pH = 3. Thus, for values of pH > 3, the
external surfaces of the idsc-bents will be negatively charged. Considering that the MB is a
cationic dye, the results o>tained are easily explained by the electrostatic interaction between
adsorbent and adsorbate. For lower pH values, the surface of the XLT 50% presents a lower
negative charge density, which results in a lesser adsorption capacity. As the pH value
increases, especially for pH = 11, the surface of the adsorbent becomes more and more
negatively charged, boosting the electrostatic attraction taking place between the XLT 50%
and the MB molecule and, consequently, increasing the adsorption capacity of the adsorbent
[43].

The adsorption isotherms obtained for the XLT 50% at different temperatures



(313,15K, 323,15K, and 333,15K) are displayed in Figure 10. These isotherms were fitted
using the following isotherm models: Langmuir (Equation 4), Freundlich (Equation 5), Sips
(Equation 6), and Redlich-Peterson (Equation 7) [44-47]. The parameters obtained are

displayed in Table 5.

Ce 1 4 Ce ()

de - AmaxkL dmax

where qmax IS the maximum amount of MB that may be adsorbed by the XLT 50%
(mg g %), ge is the adsorption capacity of MB at the equilibrium (mg g™%), Ce is the
concentration of MB at the adsorption equilibrium (mg L -, and k_ is the Langmuir

adsorption constant (L mg?).

1

qe = kC} (5)
where ke (L mg™*) and 1/n are the Freu 1d’ich isotherm constants.

_ CImaxkng
T 1+kCh (6)

de
where n is the Sips model expcnent, ks is the Sips equilibrium constant (L mg ™) and
Omax IS the maximum adsorption czhacy.

_ kgCe @

e 1+act

where kg (Lg > anla (L mg™) are the Redlich-Peterson constants and fis the

Redlich-Peterson exponer tial factor.



Figure 10. Adsorption isotherms obtained for the XLT 50% adsorbent,

at different
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Table 5. Parameters obtr.ine using the proposed isotherm models

Material | Temperature Langmuir isotherm Freundlich isotherm
(K) Omax(Mg g™~ | ku(Lmg™) |R®  [ke(Lmg™) |n R?
XLT 313,15 1176.7 0.45 0.990 | 645.5 0.15 | 0.98
50% 4
323,15 1008.1 0.64 0.996 | 674.6 0.09 | 0.98
5
333,15 915.1 0.72 0.996 | 602.6 0.1 0.98
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Material | Temperature Sips isotherm Redlich-Peterson
(K) isotherm
Oax | ks (L|n [R? ke Lla (L[S |R
(mg g | mg™) gh) | mg?)
1)
XLT 313,15 1304 0.59 0520995 | 1061 126 |0.9 |0.994
50% ; 1
323,15 1072 0.96 0.60 | 0.098 ' 1070 |1.27 |0.9 |0.998
| 5
333,15 910 0.74 1.05 | 0.297 | 775 0.88 0.9 |0.995
9

From the isotherms obtained u. Figure 10, it is observed that a correlation between
temperature and adsorption canality exists for the XLT 50%, where an increase in
temperature results in a decreasc of the observed ge. As for the isotherm model best suited to
describe the adsorption Z:ncess, the Sips isotherm model achieved the best results, with
higher values of R? for .l isotherms. This model, which is a combination of Langmuir and
Freundlich equations, is used to describe the monolayer adsorption process and solve the
limitations of the Freundlich model, where the adsorbed amount increases continuously with
concentration. Thus, the Sips isotherm model is comparable to the Freundlich model but it
has an upper limit when high concentrations are used, converging to the behavior exhibited
by the Langmuir isotherm [17,48].

Regarding the thermodynamic parameters of the adsorption process, Gibb’s free

energy can be defined employing the Van’t Hoff equation (Equation 8):



AG = —RTInkK, (@)

where 4G is the Gibbs free energy change, R corresponds to the universal gas
constant, T is the adsorption process temperature (K) and Ke is a constant derived from the
multiplication of the Langmuir parameters qmax and k.

With the definition of the AG, the enthalpy (AH) and entropy changes (AS) can be
defined using Equation 9:

AG = AH — TAS 9)

Table 6 gathers the thermodynamic data obtained frz.» u.2 adsorption isotherms of

the XLT 50%.

Table 6. Thermodynamic parameters obtained for ac'sor.*ion of MB by the XLT 50%

Adsorbent | Temperature (K) [AG (J-rio0 B [ AH (kJ-mol™) [ AS (3-mol™™-K™)

XLT50% | 313,15 -1621C,86398 | -9.4 82.3
323.15 -1,772.66712
333.15 1796576618

Table 6 shows th..* u.¢ adsorption process studied has an exothermic nature, with a
AH of -9.4 kJ-mol ™, agiceing with the decreased adsorption capacity at higher temperatures.
Furthermore, all values of AG obtained were negative, indicating that the MB adsorption
process onto the XLT 50% is spontaneous [49].

Figure 11 shows the results obtained for the regeneration and reuse of the XLT 50%

in multiple cycles of MB adsorption.

Figure 11. A) Adsorption and desorption of methylene blue after each cycle, using ethanol as

a desorbent agent; B) Adsorption capacity of MB after each cycle (pH = 11, Co= 250 mg L™,



adsorbent loading=0.1g, V =0.5L)
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As Figure 11A shows, wne use of ethanol as a desorbent for methylene blue was an
efficient strategy, fspecolly in the first three cycles, as a desorption percentage of
approximately 80% was obtained after each adsorption cycle. However, after cycle number
three, the remaining MB present on the surface of the XLT 50% led to a reduction in the
adsorption capacity of the material due to the saturation of the available active adsorption
sites, as Figure 5B demonstrates. Therefore, the XLT 50% can be reused up to three times
without a major efficiency loss.

Finally, Table 7 gathers a comprehensive summary of recently developed biomass-
based activated carbons applied for MB adsorption, aiming to contextualize the results

obtained in the present work.



Table 7. Comparison between the XLT 50% performance against recently reported biomass-

based activated carbons (AC)

Adsorbent Specific ~ Surface | Adsorption Capacity | Reference
Area (m’g™) (mgg™)
XLT 50% 1348.76 1150 This work
Mangosteen AC 681.4 8715 [50]
Eucommia ulmoides AC 1135.6 540 [51]
Teak wood waste AC 1345.25 567.5 [52]
Rubber seed pericarp AC 1245.7 3478 [53]
Ashitaba biomass AC 1505.4 755 [54]
Corn fibers AC 820 35C.5 [55]
Lignin AC 3382.32 1119.18 [56]
Black liquor AC 1099 307.2 [57]
Kraft lignin AC 1055 220 [58]
Coconut shells AC 935.10 156.2 [59]

As Table 7 shuw: e XLT 50% adsorbent developed in this work displayed
excellent adsorptive prop >rties when compared to biomass-based materials recently reported
in the literature. Thus, it is clear that the adsorbent obtained here is a promising material for

application in industrial adsorption processes.

3.3 Evaluation of adsorptive properties using various pollutants
Aiming to further study the versatility of the XLT 50% adsorbent developed in this
work, adsorption studies were conducted with various pollutants: methyl orange (an anionic

dye), 4-chlorophenol (a pesticide with pKa = 9), and hexavalent chromium (a heavy metal



toxic cation) [60—62]. All the adsorption tests for these molecules were performed at pH =5
and ambient temperature. Figure 12 and Table 8 show the results obtained for the

aforementioned tests.

Figure 12. Adsorption isotherms for: A) Methyl orange; B) 4-chlorophenol; C) Hexavalent
chromium
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Table 8. Parameters obtained using the proposed isotherm models

Material | Pollutant Langmuir isotherm Freundlich isotherm
Omax (Mg g7) [ ke(Lmg™) |R*  [ke(Lmg™) [n |R?
XLT Methyl orange | 346 0.36 0.973 | 97 0.2 0972
50%
4-chlorophenol | 208 0.05 0.991 | 28.6 0.38 | 0.965
cré* 57.6 0.06 0.967 | 9.87 0.34 | 0.959
Material | Pollutant Sips isotherm | Redlich-Peterson
isotherm
Omax | ks (L | N N ke(L|a(Lmg |p |R?
(mg g | mg™) : g |9
)
XLT Methyl orange | 542 0.21 | 0.30 (0989 | 674 |5.8 0.83 | 0.985
50% !
4-chlorophenol | 23C. :_\).07 0.7710.996 | 155 | 0.15 0.86 | 0.993
cré* ‘ 708 0.09 |0.70 10994 | 595 |0.21 0.86 | 0.988

As the results si 2w, the XLT 50% is able to adsorb all the pollutants evaluated, to
different extents of adsorption capacity, independently of the nature of the adsorbate. As
previously, the Sips isotherm model presented the best fit for the results obtained and the
maximum adsorption capacities found were 542 mg g for the MO, 239.6 mg g™* for the 4CP,
and 70.8 mg g for Cr®*. To better contextualize these results, Table 9 shows a comparison
between the results obtained in this work and those previously reported in the related

literature.




Table 9. Comparison between the results obtained in this work and the ones reported in the

related literature for the adsorption of methyl orange, 4-chlorophenol and hexavalent

chromium
Pollutant Adsorbent Adsorption Capacity (mg | Reference
g%
XLT 50% 542 This work
Coffee grounds AC 658 [63]
Orange and lemon peel AC | 33 [64]
Methyl orange \
Vitis vinifera L. AC 79.7 [65]
Waste-cellulose AC 337.2 [66]
Pomelo peel AC 1£3.1 [67]
|
XLT 50% | 239.6 This work
Rattan sawdust AC 188 [68]
Sewage sludge A" 174 [69]
4-chlorophenol a
Milk vetch AC 87 [70]
Wheat straw hiochar 111 [71]
Cocriu: siell AC 85.8 [72]
XL1T 50% 70.8 This work
Apple peels AC 36 [73]
Hexavalent
Peanut shell AC 16.3 [74]
chromium
Mango kernel AC 7.8 [75]
Corn stalk AC 89.5 [76]

The data collected in Table 9 show that the material developed in this work presents

a good adsorption capacity for the pollutants evaluated in this section, further highlighting its




potential application in a diverse range of industrial adsorption processes.
Conclusion

It is concluded that the tannin/kraft lignin H3POjy-activated carbon Xxerogels,
particularly the XLT 50%, are excellent adsorbents for the methylene blue molecule. This
result is derived from the inclusion of the kraft lignin to the tannin/formaldehyde xerogel,
which promoted a higher development of the porous structure of the XLT 50% while also
increasing its specific surface area and pore volume. At regular conditions, the XLT 50%
presented an adsorption capacity of approximately 1150 me 2~ ‘pH = 5 and T = 298K),
which is an excellent result when compared to related wc.ks in the literature. The MB
adsorption kinetics can be described by the psei'do-zecond-order model, whereas the
adsorption isotherms follow the Sips isotherm moriel. “urthermore, the XLT 50% can be
reused up to three times without major loss in its m<chylene blue adsorption capacity. Finally,
the results show that the XLT 50% can L= u.ed to perform adsorption processes using a wide
range of pollutants, evidencing its suitacility for real-world applications.
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