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Abstract

Background: Biomass-based materials present low sorption capacity. In order to
overcome this disadvantage, chemical modification of these materials is required. Methods:
Hybrids of biomass-based materials were obtained by reacting (25%-200% weight) 3-
aminopropyl-triethoxysilane (APTES) with the biomass Ayous wood sawdust (AW), obtaining
the hybrid materials AW@APTES-0.25, AW@APTES-0.50, AW@APTES-1.0,
AW@APTES-1.5, and AW@APTES-2.0, that were characterized by hydrophobic/hydrophilic
balance, CHN elemental analysis, surface area, TGA, FTIR, and pHpz. Significant Findings:
For screening purposes, the five materials were tested as adsorbents to remove reactive blue 4
(RB-4) from water. The results showed that AW@APTES-0.5 attained the maximum removal
of RB-4. The kinetics and equilibrium data were suitably fitted by the nonlinear General-order
kinetic (GO) and Liu equilibrium adsorption models. The maximum amount adsorbed of RB-4
dye was 415.1 mg g* using AW@APTES-0.5 (50°C). An increase in the Qmax Vvalue of
AW@APTES-0.5 concerning unmodified AW attained up to 21.6 times. The AG° and AH°
indicated that the adsorption processes of RB-4 onto adsorbents are endothermic and
spontaneous, and the magnitude of enthalpy of adsorption (25.10 kJ mol™) is compatible with
the electrostatic attraction mechanism. The adsorbents’ applicability for treating simulated dye

effluents showed an excellent efficiency attaining 98.66% removal of the effluent.

Keywords: textile effluents, biomass-based hybrid materials, thermodynamics adsorption,

adsorption mechanism; nonlinear fitting.



1 Introduction

The global pigments and dyes market was valuated at 33.2 billion American dollars in 2019
[1]. Manufactures of dyes and pigments are concerned about the toxicity of these dyes, and they
are actively venturing into enhancing the methods for removing dyes freed to the environment
during the manufacturing process [1-3]. There is a current increasing demand for dyes for
diverse industries such as textile, paints and coatings, plastics, constructions [1]. Besides the
production of dyes and pigments, several industries are also responsible for considerable
amounts of dyes released to the environment [1], which them the textile industry is the primary
industrial sector that consumes about 2/, of all dyes that are commercialized worldwide [1].

Considering all dyes and pigments sold in 2019 [1], the Reactive Dyes has a share of 55.7%
[1]. This dyes class comprises highly colored organic compounds that have primary application
in tinting textiles [1]. Reactive dyes can form a covalent bond with the cotton fiber [1,4], giving
them the feature of having difficulty fading and a bright shade ranges [1,4]. Although reactive
dyes are primarily employed for dying textiles, 15-50% of them are left hydrolyzed in the water-
baths during the dying process [5]. Therefore, high volumes of wastewater containing reactive
dyes are generated, and they require further treatment before being liberated to water bodies
[2,3,6-8].

Reactive Blue 4 dye (RB-4) is primarily employed in the Brazilian textiles industries [9].
RB-4 is used for dying cotton, viscose, wool, silk, and nylon. More than 50 manufacturers
commercialize this dye with different trade names [9]. Based on that, it is relevant to remove
RB-4 dye from aqueous effluents.

The removal of dyes from the aqueous environment is imperative because they are toxic
and can cause carcinogenicity and mutagenicity [10-13]. Wastewater containing dyes are

usually treated by biodegradation [14,15], coagulation-flocculation [15], the advanced



oxidative process [16], and adsorption [17-21].

The most employed method for treating wastewater containing dyes is the adsorption
procedure [22,23] because of its low initial value for implementation, easy operation, a decrease
in the dye’s availability after the adsorption, remarkable decrease in the volume of effluent after
treatment, and the possibility of the regeneration of the adsorbent after use [24,25].

Lignocellulosic wastes have been reported as adsorbents for removing dyes from
wastewaters [3,26]. Although their spread is used as biosorbents, the adsorption capacities of
agricultural residues are low compared with other adsorbents [6,7,24,25] because of their low
surface area and the difficulty of being used in the column due to low mechanical resistance
[6,7,24,25]. The chemical modification of biomass-forming hybrids and composites is a good
alternative for producing adsorbents with higher adsorption capacities over unmodified
lignocellulosic materials [6,7,24,25].

The 3-aminopropyl-triethoxysilane (APTES) is an organic-silane compound used for
coupling with oxygen atoms present on silica, alumina, zirconia, TiO2, and others, forming a
terminal aminate group on the surface of the inorganic material [24-33]. Although it is well
known that the chemical modification of inorganic materials with APTES [24-32], recently, has
been reported the formation of hybrids/composite materials with biomass-based materials
[7,24,25,31-36]. In this context, it is vital to produce new APTES hybrid materials with plant
biomass and compare its increment in performance for removing Reactive Dyes from aqueous
effluents concerning unmodified biomass.

In the present research, we proposed the chemical modification of sawdust of Ayous wood
with APTES. Preliminary experiments showed that AW@APTES-0.5 is the best adsorbent for
the removal of RB-4 dye from aqueous effluents. This work aimed to show that AW@APTES-
0.5 material increased the maximum sorption capacity of AW biomass up to 21.6 times. This

remarkable characteristic allows that the proposed adsorbent would be able to be used in actual



wastewater treatments. Besides that, the procedure for preparing the hybrid material was carried
out in a single step, being an advantage when compared with adsorbents that require multiple
steps for being obtained [37,38]. This research allies the need to remove reactive dyes from
aqueous effluents, with a hybrid biomass-based material prepared in a single step, obtaining

excellent removals from wastewater containing a complex sample matrix.

2 Materials and Methods

2.1 Reactants and solutions.

Deionized water (Permution) was used to prepare the solutions. The Reactive Blue 4 dye
(RB-4; C.1. 61205) (see Fig. S1) was Merck’s furnished at 95% purity. Merck furnished ethanol,
3-aminopropyl-triethoxysilane (APTES, 98%), and ammonium hydroxide (28-30% weight).

The medium’s acidity was adjusted using 0.1 mol L™* of HCl and NaOH (Neon).

2.2 Hybrid of Ayous@APTES

Ayous sawdust was obtained from Cameroon’s sawmill industries, as earlier reported [39].

Hybrid adsorbents of Ayous sawdust (AW) and APTES were synthesized using NH4OH as
a catalyst for the hydrolysis and polycondensation of APTES [7,24]. Typically, 10 g of AW
was slurried in 100 mL of ethanol, and subsequently, it was added 250 pL of NH4sOH and 2.5
g of APTES. The reactional mixture was magnetically agitated at 80°C for 24 h, which allows
the formation of AW@APTES hybrids using a single step [7,24] (Fig 1). Furtherly, the hybrid
material was dried overnight at 75°C in a conventional furnace. The obtained hybrid was named
AW@APTES-0.25. Similarly, the AW@APTES-0.50, AW@APTES-1.0, AW@APTES-1.5,

and AW@APTES-2.0 were synthesized, using 10 g of AW and 5, 10, 15, and 20 g of APTES,



respectively.

Insert Fig 1

2.3 Characterization of the hybrid materials

Isotherms of adsorption and desorption of nitrogen were performed to study samples’
textural characteristics using a volumetric analyzer furnished by Micromeritics Instrument
(TriStar Il 3020). The determination of surface area was calculated using the BET multipoint
method, [40], and the pore diameter was attained using the BJHmethod [41] and DFT Method
[42].

Elemental analysis (C H N/O) was carried out utilizing an Agilent elemental analyzer [43].

The functional groups present on surfaces of the samples were studied using a Fourier
Transform Infra-Red (FTIR) spectrometer (Bruker, model alpha) in the range 4000—-400 cm™!
[44].

The pHpzc and hydrophobicity index (HI) of the carbon materials were obtained as described
elsewhere [45,46].

The thermal stability of the AW and AW@APTES-0.5 were made by TGA analysis (TA
model SDT Q600) using a heating program of 20° to 800 °C (10°C min) under a nitrogen

stream, and from 800° to 1000°C, under air gas [43,47].

2.4 Batch-contact adsorption experiments

An aliquot of 20.00 mL of RB-4 (see Fig S1) solution with the initial concentration

variating from 10.0 to 1400.0 mg L was added to 50.0 mL flat- Falcon tubes with 30.0 mg of

AW and AW@APTES-X (x=0.25; 0.50; 1.0; 1.5; 2.0) at pH ranging 2.0-10.0. The Falcon tubes



were capped and disposed of horizontally inside a thermostatic reciprocating agitator (Oxy 350,
Sdo Leopoldo, Brazil). The slurries were shaken at different time intervals between 3 and 480
min at 10° to 50°C with a shaking speed of 120 strikes by minutes [47,48]. Subsequently, the
solid phase was separated from the liquid phase by centrifugation. When necessary, aliquots of
1-10 ml of the liquid phase were diluted to 1.0-25.0 mL in calibrated volumetric flasks using
the blank solution. The dye’s unadsorbed after the adsorption process was measured using the
T90+ PG Instruments spectrophotometer at a maximum absorption wavelength of 594.0 nm.
The sorption capacity (Egq 1) and the percentage of RB-4 removed (Eq 2) are given

below:

q: (Co-Cf) V (l)
—m .

o 2
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0

q is the sorption capacity of RB-4 adsorbed by the adsorbent (mg g?). C, is the initial
RB-4 solution concentration in contact with the solid adsorbent (mg L™). Cs is the final RB-4
concentration after adsorption (mg L™?). m is the mass of adsorbent (g). V is the aliquot of the
dye solution (L) introduced in the flask.

The study of the influence of the initial pH of RB-4 was performed at 25°C, using an
initial concentration of 300 mg L™ of dye solution, a time of contact between the adsorbent and
adsorbates of 2 h, an adsorbent dosage of 1.5 g L%, and pH ranging from 2.0 to 10.0.

The preliminary experiments were carried out to ensure reproducibility, reliability, and
accuracy of the experimental data. The relative standard deviations of all measurements were
below 4% [49]. Blanks were run in parallel and corrected when necessary [50].

The solutions of RB-4 were stored in glass bottles, which were cleaned, rinsing with

deionized water, drying, and storing them in a suitable cabinet [51].



Standard RB-4 solutions (1.0-80.0 mg L™) were used for calibration in parallel with a
blank. The linear analytical calibration curve was performed on the UV-Win software of the
T90+ PG Instruments spectrophotometer. The detection limits of RB-4 were 0.21 mg L, with
a signal/noise ratio of 3 [52].

A 50.0 mg L of standard RB-4 solutions was used as quality control after every ten
measurements to ensure the analytes measurements’ accuracy [50].

The kinetic and equilibrium data’s fitness was done using nonlinear methods, which
were evaluated using the Simplex method and the Levenberg—Marquardt algorithm using the
fitting facilities of the Microcal Origin 2018 software [53]. The suitableness of the kinetic and
equilibrium models was evaluated using the residual sum of squares (RSS), the determination
coefficient (R?), the adjusted determination coefficient (R%gj), the standard deviation of residues
(SD), and also the Bayesian Information Criterion (BIC) [54]. Equations 3 to 7 are the

mathematical expressions for respective RSS, R?, R%g;j, SD, and BIC.

RSS = i((]i,exp -C]i,model)2 (3)

R?= Zln (qi,exp -qexp )2 -Zln (ql exp ~0i, model )2 (4)
n 2
Zi (qi,exp _qexp )

- (5)
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BIC = nLn (T} pLn(n) (7)

In the above equations, i, model iS individual theoretical g value predicted by the model;

Oi, exp I individual experimental g value; q,, is the average of all experimental g values

measured; n is the number of experiments; p is the number of parameters in the fitting model.



It will be presented the values of R%gj, SD, and BIC to compare different models of
kinetics and equilibrium presented in this work. The best-fitted model would present R%g;j closer
to 1.000, lower values of SD, and BIC values. The kinetic and equilibrium model could not
merely be chosen based on the values of R2? [53,54] when these models present a different
number of parameters. Therefore, it is necessary to check if the improvements of the R2 values
are due to the increase of a number of the parameters [53,54] or if, physically, the model with
more parameters explains better the process that is taking place [53,54].

However, the difference in BIC values between models could be conclusive if the
difference of BIC values < 2.0, there is no significant difference between the two models [54].
When BIC values’ difference is within 2-6, there is a positive perspective that the model with
lower BIC is the most suitable [54]. For variations of BIC values from 6-10, there is a strong
possibility of the model with a lower BIC value be the best model to be fitted [54]. However,
if the difference of BIC values > 10.0, it can be predicted with accuracy that the model with a

lower value of BIC is the model better fitted [54].

2.5. Adsorption kinetics and equilibrium models

The Kinetic adsorption data were evaluated using three models: pseudo-first-order, pseudo-

second-order, and General-order kinetic models [53].

The equilibrium adsorption data were evaluated using isotherm models of Langmuir,

Freundlich, and Liu [53] (see Supplementary Material).

2.6 Thermodynamics of adsorption

Thermodynamic studies for the RB-4 adsorption onto adsorbents were performed at a
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temperature ranging from 10°C to 50°C (283 to 323K).

The Gibb’s free energy change (AG?, k mol™), enthalpy change (AH?, kJ mol™), and
entropy change (AS?, J mol*K™?) were evaluated with the aid of Equations 8-12, respectively
[55-57].

(8)
(9)

AG® = AH® -T AS°
AG°= -RTLn(Ks)

_ (1000.K,.molecular weight of adsorbate. standard concentration of the adsorbate) (10)
) activity coefficient of adsorbate

The combination of Equations 8 and 9 leads to equation 11

AS° AH® 1 (11)

R R T

LnKe=

R is the universal gas constant (8.314 J K™* mol?); T is the absolute temperature (Kelvin);
Ke is the thermodynamic equilibrium constant, calculated according to equation 10. Ke is
dimensionless.

Ke is calculated by converting Kq values (Liu equilibrium constant) or K. (Langmuir
equilibrium constant), expressed in L mg into L mol™. Firstly, the value Kq or K. is multiplied
by 1000 (mg g1), and then multiplied by the molecular weight of the adsorbate (g mol™?) and
by the standard concentration of the adsorbate (1 mol L) and divided by the activity coefficient
of the adsorbate (dimensionless) [55,56]. It is assumed that the solution is sufficiently diluted
to consider that the activity coefficient is unitary [55,56]. Making these calculations, Ke
becomes dimensionless [55,56].

Equation 11 is the linearized van"t Hoff equation [57]. On the other hand, recently, Lima
et al. [57] also proposed using the nonlinear van't Hoff equation, as presented in equation 12.

o AS°® AH®)Y 1 12
K, :exp{ S _( - j?} (12)




11

2.7. Synthetic effluent

Two dye-house effluents containing five reactive dyes, one organic matter, one surfactant,
and seven inorganic salts were made. The chemical compositions of the effluents are presented
in Table S1 [2,3,6-8,17,27,28]. These effluents’ chemical composition is compatible with
industrial-textile wastewater. The purpose of using simulated effluents is to test the adsorption
capacities of the adsorbents for removal of the mixture of dyes in a medium that contains high

concentrations of salts, surfactant, and organic matter.

3 Results and discussion

3.1 Screening of different adsorbents for the uptake of RB-4 dye

The first screening of the six adsorbents (AW, AW@APTES-0.25, AW@APTES-0.50,
AW@APTES-1.0, AW@APTES-1.5, AW@APTES-2.0) as adsorbents for removing RB-4
from the water was carried out (Fig S2). This screening study is critical to characterize the
samples that will significantly affect the removal of dye. As observed, all hybrid materials
AW@APTES-X (X= 0.25, 0.50, 1.0, 1.5, 2.0) presented a superior adsorption capacity than
unmodified wood sawdust (AW). However, for APTES amounts higher than 0.5, the
adsorbent’s adsorption capacity had a slight decrease and a slight worsening of the
measurements’ reproducibility. This loss of sorption capacity could be assigned to the
formation of oligomers of APTES that did not react with OH groups present on the lignin,
cellulose, and hemicellulose groups of the AW biomass [58].

The experiments were performed initially in pH 2.0 because, in earlier works where APTES

grafted on different materials [7,17,27], the amino group is protonated, forming an ammonium
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group positively charged that attracts the anionic RB-4 dye [7,17,27]. This behavior is one of
the achievements of using APTES grafted materials for adsorbing dyes [7,17,27] concerning
unmodified AW sawdust.

For continuing this work, the AW@APTES-0.5 will be material that will be wholly

characterized as adsorbent because it presents a good cost/benefit relationship.

3.2 Hydrophilicity character of the hybrid surface

A critical characteristic of an adsorbent’s surface is its hydrophobic/hydrophilic
characteristics for the adsorption of organic molecules [7,27,28,30,43,45-48]. The addition of
aminopropyl silane to lignocellulosic materials can alter the hydrophilic characteristics. The
amino group is hydrophilic; however, the propyl-silane group is hydrophobic (Table S2).
Observing Table 1, AW’s HI values decreased from 38.2 to 45.0% for amounts of APTES
ranging from 0.25 to 1.00. It means that the addition of the amine group (-NH>) that is polar
corroborates this result. On the other hand, for the amount of APTES ranging from 1.5 to 2.0,
HI’s values increased by 119.9 to 128.7%, which means that the propyl-silane group leads to a
more hydrophobic characteristic.

All the materials reported in Table S2 presented HI values ranging from 0.277 to 0.931,
which means that the surface of materials can adsorb more vapor of water (mg g*) than the
vapor of n-heptane [7,27,28,30,43,45-48].

The HI is a vital characteristic of a solid adsorbent because it could help understand
molecules’ adsorption mechanism with polar groups and hydrophobic groups such as the dyes.
The adsorption mechanism using a solid adsorbent depends on the chemical nature of the
sorbing specie and the adsorbent [27,29,31,43,45]. Therefore, a complete understanding of

adsorption’s mechanism would lead to knowing the adsorbent’s chemical behavior [43, 45].
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3.3 Functional groups of the adsorbents

The functional groups of AW and AW@APTES-0.5 were characterized using FTIR
spectroscopy (Fig 2). Fig 2A presents the spectra from 4000 to 400 cm?, and Fig 2B presents
the interval from 2000 to 400 cm™. It is observed remarkable differences in the vibrational
spectra of these two materials. The band at 3429 (AW) and 3386 cm™ (AW@APTES-0.5)
corresponds to the stretching of the -OH group [46,47]. Also, the -NH2 band of the hybrid
material should be overlapped with the -OH group, this band shift of 43 cm™ (3429-3386 cm™)
indicates the formation of AW@APTES-0.5. AW presents two bands at 2914 and 2846 cm™
that could be assigned to asymmetric and symmetric C-H stretching [6,48], and AW@APTES-
0.5 presented bands at 2957 and 2914 cm™ that are asymmetric C-H stretching [6,7]. Both
materials presented a band at 1737 cm™ that could be attributed to the C=0 stretch [43,44] of
carboxylic acid present in lignin. Both materials presented a band at 1631 cm™ that could be
assigned to aromatic rings mode [43,46]; however, the hybrid material presents a broadening at
1595 cm? of this band that could also be assigned to the overlap of aromatic bands with NH.
bending [6]. An intense peak at 1510 cm™ in the hybrid material and a small band at the AW
corresponds to N-H in-plane bending for AW@APTES-0.5 and aromatic ring mode for AW
material, respectively. Small bands at 1458 and 1427 in both materials are assigned to aromatic
ring modes [43,44]. AW presents a band at 1386 cm™, and AW@APTES-0.5 presents a band
at 1371 cm™ (band shift of 15 cm™) that can be assigned to -OH bending [31,45]. AW@APTES-
0.5 presents a band at 1319 cm™ that is assigned to C-N stretching [6,46]. Both materials
presented a band at 1260 cm™ assigned to C-O stretching of the lignin’s phenolic group [2,3].
AW@APTES-0.5 presents a band at 1228 cm™ that is attributed to the C-N stretch [6,43]. Both

materials present bands at 1160, 1110 cm™ that is assigned to C-O of secondary alcohols. They



14

also present another band at 1055 cm™, which could be assigned to C-O stretching of primary
alcohol [2,3] or Si-O-Si stretching for the hybrid material [6,46]. AW@APTES-0.5 presents a
band at 897 cm™ assigned to Si-O stretching [28,29]. AW material presents a band at 804
cm* corresponds to out-of-phane C-H of aromatic bending [48].
Insert Fig 2

FTIR analysis’s main purpose in this research is to characterize and show that the
unmodified sawdust AW presented remarkable changes when it reacted with APTES, forming
the hybrid material. The results depicted in Fig 2 prove that the reactions showed in Fig 1 indeed
took place. The FTIR results also show the functional groups present in both materials that
could be responsible for formulating a mechanism of adsorption that will be shown in the

following sections.

3.4 Determination of amount of 3-aminopropyl-silane in the AW@APTES-0.5

The first quantitative analysis of AW@APTES-0.5 and AW was performed using CHN
analysis (see Table S3). According to the N contents, the AW did not present N, and
AW@APTES-0.5 presented 1%. Therefore it means that at each 100 g of the hybrid sample, it
would contain 1.00 g of N that was introduced through the APTES grafting on the lignin (see
Fig 1). After performing a stoichiometric calculation for each mol of N, it would contain one
mol of -O3SiCsHgN attached to the hybrid material; therefore, 1.00 g of N would contain 9.57
g of the APTES groups per 100 g of hybrid (9.57% of grafting).

Also, the TGA analysis can furnish valuable information about the grafting of APTES on
AW sawdust [43,46,47]. The thermal profiles of AW@APTES-0.5 and AW are presented in
Fig 3.

Insert Fig 3
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The thermal profiles of AW and AW@APTES-0.5 were obtained using two different
atmospheres. From room temperature up to 800°C it was used inert atmosphere (N stream) and
from 800° to 1000°C synthetic air was used [43,47]. This choice is made to verify the thermal
stability of AW and AW@APTES-0.5 under an inert atmosphere at relatively high temperatures
(800°C). Moreover, in the same run, an oxidizing atmosphere will degrade all the organic
compounds generating ashes [7,43,47]. In this particular case, for the hybrid material, the
difference of AW@APTES-0.5"s residual mass minus the AW’s residual mass is the amount
of SiO left in the hybrid material.

Furthermore, from this result, it is possible to estimate the amount of APTES groups
attached to the hybrid material. Making this calculation, the net SiO2 percentage in the hybrid
material was 4.81%. Making a stoichiometric calculation of one mol of SiO2 for one mol of -
O3SiCzHgN attached to sawdust, the percentage of APTES grafted on hybrid material was
10.73%, whose values is not so distant from the value obtained by N elemental analysis
described above (9.57%).

Besides the quantitative estimation of APTES groups grafted on the biomass, both
materials’ thermal behavior present similitudes. Step 1 of the TGA profile of AW@APTES-0.5
is similar to steps 1 and 2 of AW biomass. Both materials are thermally stable up to 269.0°
(AW@APTES-0.5) and 254.4° (AW). These weight losses correspond to releases of moisture
and interstitial waters [7,43,47]. Step 2 (AW@APTES-0.5) and step 3 (AW) corresponds to
the initial degradation of cellulose and hemicellulose of the carbonaceous matrix [7,43,47] and
some part of the 3-aminopropyl group attached to the silica [7]. Step 3 (AW@APTES-0.5) and
step 4 (AW) are the degradations of lignin of both samples forming a carbonaceous residue up
to close 800°C [7,43,47]. When air synthetic is introduced into the system, rapid degradation
of all carbonaceous materials takes place, and it will form ashes. It is essential to highlight that

for the hybrid material, the last step (5) increases mass, which should occur due to the
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recombination of the inorganics with oxygen, forming oxides [7] (see Fig 3).
From the results of nitrogen contents in Table S3 and the difference in the residual mass at
1000° of both AW@APTES-0.5 and AW showed Fig 3, it is possible to infer that the chemical

reaction proposed in Fig 1 took place.

3.5 Isotherms of adsorption and desorption of nitrogen

The isotherms of adsorption and desorption of nitrogen and the DFT and BJH pore size
distribution for AW@APTES-0.5 and AW are presented in Fig 4.

Insert Fig 4

Both materials present low surface areas 1.4 (AW) and 2.4 m? g (AW@APTES-0.5), low
total pore volumes 0.0022 (AW) and 0.0029 g cm™ (AW@APTES-0.5). The isotherm of
adsorption and desorption of N of both materials are type 11 [40]. The ratio P/Po 0.2 corresponds
to the formation of a monolayer of nitrogen adsorbed for both materials [40]. This behavior is
characteristic of nonporous or macroporous materials [40]. The pore size distribution curves
(Fig 4B and 4D) show that both materials present a fraction of microporous and a small fraction
of mesopores.

Comparing these two materials shows that the pore-filling mechanism should not be the
major factor contributing to the uptake of RB-4 using AW@APTES and AW (see Fig 1)
[7,24,25]. For adsorbents with presents large porosity, one of the main adsorption mechanism
is the pore-filling [2,8,17,45,46,48]. Conversely, for adsorbents with a low surface area and also
involving removal of charged dyes, the mechanism of adsorption is usually governed by
electrostatic attraction, hydrophobic interactions, van der Walls forces, and other physical

interactions mechanisms [3,6,7,22,24-26].

3.6 pHpzc and effect of initial pH on the adsorption capacity
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The pHpzc of AW@APTES-0.5 and AW are presented in Fig 5. The chemical modification
of AW with APTES shift the pHpzc from 6.051 to 10.37. Making a simulation of values of pKa
of the proposed AW@APTES-0.5 structure using the plugins of Mavin Sketch 21.1.0 (see Fig
S3), pKa values of the amino group are ranging from 9.3-11.7; and 7.00-11.7 for terminal silanol
groups. Also, the estimated isoelectric point of the structure of Fig S3 was 9.86. Based on pKa
and isoelectric point values, it is reasonable that the experimental pHp,c of AW@APTES-0.5
be 10.37.

Insert Fig 5

For RB-4 dye solutions at pH < 10.37, the surface of the AW@APTES-0.5 will present a
positively charged surface. For pH > 10.37, the surface of AW@APTES-0.5 will be negatively
charged [46].

Another important point that should be highlighted is the differences in values of pHp.. for
AW@APTES-0.5 and AW. The grafting of AW with APTES increases the adsorbent’s basicity
considerably by introducing amino groups (around 10% concerning N elemental analysis and
TGA results) on the surface. This increment of N basic groups on AW@APTES-0.5 is
responsible for increasing this hybrid adsorbent’s sorption capacity compared to unmodified
AW bhiomass.

Fig S4 presents the effect of the initial pH on the adsorption capacity of AW@APTES and
AW for adsorption of RB-4 dye. It was observed that a higher adsorption capacity was obtained
at pH 2.0 for both adsorbents. For any pH values < pHpc of the adsorbent, the superficial charge
will be positive. As lower the adsorbate solution’s pH, the more positively charged will be the
adsorbent’s surface [2,3,6-8]. Considering that RB-4 is an anionic dye that presents two sulfonic
groups (see Fig S1), at pH 2.0, the electrostatic attraction of positively charged adsorbents (AW

and AW@APTES-0.5) with the negatively charged RB-4 dye will take place. As the pH of the
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adsorbate solution increases, the adsorption capacity decreases. This observation is
characteristics of electrostatic attractions of anionic dyes at low pH values being removed by
carbon-based adsorbents [2,3,6-8].

For continuing this research, the dye solution’s pH was fixed at 2.0, considering that both

adsorbents” maximum adsorption capacity occurred using this acidity.

3.7 Kinetics of adsorption.

The kinetics data of adsorption of RB-4 dye onto AW@APTES and AW adsorbent
materials were performed using pseudo-first-order (PFO), pseudo-second-order (PSO), and
general-order (GO) [53], and the data are displayed in Table S4 and Fig 6.

Insert Fig 6

Observing the graphs of Fig 6, it is clear that the Kinetics data did not adequately follow the
PFO. The kinetic data seems to follow PSO and GO. However, to distinguish the better model,
it is necessary to analyze the data depicted in Table S4. Values of RZgj, SD, and mainly BIC
values [46-48, 54] help define the better model to explain the kinetic model. The GO Kinetic
model presented the lower values of SD, lower BIC values, and closer to 1.00 values of R2q;.
However, the ABIC (BIC value of model 1 — BIC value of model 2) has a conclusive
establishment of a physical model [54]. For ABIC > 10, the BIC model that presents the low
value is statistically the best-fitted model [54]. The values of ABIC were > 101.1 (BICpro-
BICso) and > 18.7 (BICpso — BICgo) utilizing both adsorbents (see Table S4). Therefore, it
could be stated that the kinetic data of the adsorption of RB-4 dye onto AW and AW@APTES-
0.5 were most suitably fitted using the GO kinetic model [54].

As earlier reported [7,8,28,31,43,44,46-48], the constant rate k is not suitable for comparing

different kinetic models because it presents different units, depending on the model (see Table
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3). However, an interpolation in the nonlinear fitted curve for 50% of the saturations and 95%
saturation will lead to t12 and to.gs, respectively. Disregarding the values of t1 and to.g5 for PFO,
the values of ty are about 10 and 12 min for AW@APTES-0.5 and AW, respectively. The to.os
is a good estimative to know the time for obtaining the isotherm results [7,8,28,31,43,44,46-
48]. Considering the to.o5 for GO kinetic model, these times were about 165 (AW@APTES-0.5)
and 198 min (AW). Considering that higher concentrations of RB-4 could delay a little bit more,
the time for performing the isotherms of adsorption was established at 240 min (4 h) to
guarantee that the system attained the adsorption equilibrium utilizing both adsorbents.

Besides the values of t1» and to.9s help establish the time for performing the isotherms, these
values indicated that the kinetics of adsorption of RB-4 onto AW@APTES-0.5 is slightly faster
than AW because these differences are not remarkable. The differences in the superficial area,
pore size distribution, and total pore volume are also not remarkable, but the hybrid material
presents slightly better values for these textural characteristics. The effect of faster kinetics with
surface area, pore volume has been previously discussed in the literature [46-48].

Also, it is relevant to highlight that performing kinetic experiments of adsorption of RB-4
dye onto AW@APTES-0.5 and AW is not possible to differentiate a relevant contribution of
the chemical modification of APTES in the AW biomass. The main difference is only on the
amount of dye up taken (see values of ge in Table S4) and not on the kinetic behavior. This
result allied to the studies of the influence of initial pH of RB-4 dye solution (Fig S4), and also
considering the grafting of APTES on the AW surface did not alter the textural characteristics
of the AW (Fig 4), these set of results leads to that the adsorption mechanism of RB-4 onto both
adsorbents should follow an electrostatic attraction of the anionic dye with the positively
charged adsorbent at pH 2.0 [3,6,17].

In order to explore the adsorption mechanism of RB-4 onto AW@APTES-0.5 and AW

adsorbents, intraparticle diffusion curves were obtained [53]. Fig 6B and 6D show that the plot
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of gt versus v/t present three sections. The first section could be assigned to the diffusion of the
dye by the film [53], which was a fast step. The second stage can be assigned to the intraparticle
diffusion, and the third section is the diffusion of the RB-4 dye adsorbents through the smaller
pores of the adsorbents until the equilibrium is attained [53]. From the slope of the second linear
portion, it was calculated that the intraparticle diffusion rate constant (kiq) were 5.457 and 1.387
mg g min-%® for AW@APTES-0.5 and AW adsorbents respectively. The ratio Kig of
AW@APTES-0.5 divided by AW was 3.93 times, which means that the adsorption kinetics
onto the hybrid adsorbent would be faster than the unmodified biomass. However, one of the
reasons for the hybrid adsorbent present higher kig can also be attributed to the higher sorption

capacity of AW@APTES-0.5 adsorbent compared to AW (unmodified biomass).

3.8 Isotherms, thermodynamics, and mechanism of interaction of adsorbent with the adsorbate

The isotherms of adsorption and desorption of RB-4 dye onto AW@APTES-0.5 and AW
at temperatures ranging from 10° to 50°C were performed. The equilibrium data were fitted
using the nonlinear fitting of Langmuir, Freundlich, and Liu isotherm models are presented in
Table S5. Fig S5 shows the isotherms at 50°C for the adsorption of RB-4 dye onto both
adsorbents.

According to the results presented in Table S5, the Liu isotherm model was better fitted by
the isotherm data at temperatures ranging from 10° to 50°C, because of the lowest SD and BIC
and R2.gj closer to 1 were obtained for this isotherm model. The ABIC between Langmuir and
Liu ranged from 50.23 to 55.63 for temperatures 10°-40°C and 3.390 at 50°C, using the hybrid
adsorbent, and 52.85 to 104.3 for 10° to 50°C using AW biomass [54]. Although just for one
temperature and one case, the ABIC (BICLangmuir — BICLiu) Was not conclusive; however, there

is a perspective that the Liu model would be the better isotherm model to be fitted at 50°C
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concerning Langmuir isotherm, using the hybrid adsorbent [54]. For all ABIC >10 it is
conclusive that the Liu model was the best-fitted model. The BICFreudiich — BICLiy ranged from
62.19 to 123.5 (AW@APTES-0.5) and 90.06-124.7 (AW) for temperature from 10° to 50°C.
Therefore, considering the adsorption of RB-4 onto both adsorbents, the equilibrium data were
successfully fitted by the Liu model at the temperature range from 10° to 50°C.

Considering the values of Qmax obtained by the Liu isotherm for both adsorbents, it is
observed that AW@APTES-0.5 presented values 8.8-21.6 times higher than AW. This
considerable increase in the adsorption capacity is due to the possible formation of
AW@APTES-0.5 depicted in Fig 1. The insertion of amino groups on the hybrid material leads
to positively charged ammonium groups when the adsorbent is immersed in a solution with pH
2.0, facts that allow attracting the anionic RB-4 dye electrostatically.

Table S6 and Fig S6 [55,56] present the thermodynamic data of adsorption of RB-4 dye
onto AW@APTES-0.5 and AW adsorbents.

As can be seen, the result of thermodynamic of adsorption for the adsorption of RB-4 dye
onto two adsorbents, the process of adsorption was spontaneous within the range of
temperatures used (283-323 K), where the value of AG® < 0, the values of AH® > 0, pointing
that the process of adsorption was endothermic in both cases (see Fig S6) [57]. Also, the
magnitude of enthalpy changes is compatible with physical adsorption [59,60]. For both cases,
the AS° were also positive, indicating that the sorbing specie should have lost hydration water
before occupying the adsorbent’s active site [46,47].

Considering the data of the surface area, pore size distribution, HI, pHpc of the adsorbents,
the chemical nature of the adsorbents, the studies of initial pH of the sorbing solution, the study
of kinetics, and the thermodynamic results for adsorption of the anionic RB-4 dye onto
AW@APTES-0.5 and AW, it is possible to state that the mechanism of interaction of the

adsorbent with the adsorbate is an electrostatic attraction of the anionic RB-4 dye onto the
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protonated amino groups of the adsorbent at pH 2.0 (see Fig 7).
Insert Fig 7.

The probable mechanism of interaction of the adsorbent with the adsorbate should take
place in two steps. In the first step, the amino groups at pH 2.0 are protonated, forming
positively charged ammonium specie. The RB-4 anionic dye is electrostatically attracted by the
ammonium group (positively charged) at the second stage, forming an ion pair. This interaction
mechanism should be the primary mechanism of adsorption, disregarding the transport
phenomena. Other less significant mechanisms are hydrogen-bonding, n-r interaction of RB-4
rings with AW’s aromatics, van der Waals interactions [43,47]. The mechanism of pore-filling
should be disregarded, considering the low surface area of both adsorbents. In the AW material,
where there are no 3-aminopropyl groups, the interaction mechanism is limited to hydrogen-
bonding, w-r interaction of RB-4 rings with AW’s aromatics, van der Waals interactions
[43,47], and electrostatic attraction. For the AW material, the mechanism is still the electrostatic
attraction; however, there is no amino group presence as in the hybrid material, limiting the

sorption capacity compared to AW@APTES-0.5.

3.9 Simulated effluents

Two synthetic effluents were prepared to verify the performance of the AW@APTES-0.5
and AW as adsorbents for the treatment of textile wastewater effluents (see Table S1). An
adsorbent with potential application in real situations should present a good removal in a
medium containing several compounds [2,3,6,7,8,17,27,28]. Fig 8 presents the UV-VIS
spectrum of the simulated effluents A and B before the adsorption (spectra in black) and after
treatment with AW@APTES-0.5 (red spectra) and AW (blue spectra).

Insert Fig 8
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For calculating the overall removal percentage, it was integrated the area under the curves
[43]. Taking into account that absorbance is an additive property [43], the absorbance of each
component present in the effluents is summed during the integration [43]. The percentage of
removal can be calculated by the spectra area after treatment divided by the effluent area before
the treatment [43]. For effluent A, the obtained overall removals were 98.66% (AW@APTES-
0.5) and 10.24% (AW) (see Fig 8). For effluent B, which presents higher concentrations of the
components, the obtained overall removals were 98.52% (AW@APTES-0.5) and 9.15% (AW).
These results show AW@APTES-0.5 which presents a maximum adsorption capacity of 276.8
mg g* (25°C, see Table S5), has the potential for being employed as an adsorbent for the
treatment of dying containing textile wastewaters. On the other hand, AW’s unmodified
sawdust that presents a lower maximum adsorption capacity (12.81 mg g* at 25°C) can not be

used as a potential adsorbent for wastewater treatment.

Conclusion

Ayous sawdust (AW) was chemically modified with different proportions of APTES,
forming AW@APTES-0.25, AW@APTES-0.50, AW@APTES-1.0, AW@APTES-1.5, and
AW@APTES-2.0. In the first screening of these adsorbents for removing the Reactive Blue 4
dye (RB-4), it was shown that the AW@APTES-0.50 material is the best hybrid material for
continuing the work because of its higher sorption capacity and lower variability of the results.
In order to compare the differences in performance of AW@APTES-0.5, the unmodified
biomass (AW) was used. Nitrogen isotherms of adsorption and desorption characterized both
AW@APTES-0.50 and AW, and the results showed that both materials have low surface areas
and poor porosities. This result indicated that the mechanism of pore filling should be

disregarded. Using TGA (10.73%) and C H N elemental analysis (N analysis 9.57%), it was
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possible to estimate the percentage of APTES grafted on AW material. The probable grafting
of APTES on sawdust (see Fig 1) increased the hydrophilicity feature of AW@APTES-0.50
compared to AW and also shifted the pHpzc from 6.051 (AW) to 10.37 (AW@APTES-0.50),
which confer a basic characteristic to the hybrid material. Studies of the effect of the initial pH
of RB-4 on the adsorption capacity of both adsorbents showed that pH 2.0 is the best acidity to
obtain the maximum removal of the dye using both adsorbents. The adsorption kinetics data
were better fitted to the nonlinear general order kinetic model (GO), and the equilibrium data
obtained at temperatures ranging from 10° to 50°C showed that the nonlinear Liu isotherm
model represented better the equilibrium of adsorption. The thermodynamics of adsorption
showed that the process of adsorption was favorable (AG°<0), endothermic (AH® >0), and the
magnitude of enthalpy changes is compatible with physical adsorption. Based on all the results
obtained in this work, a mechanism of adsorption where the main contribution is the
electrostatic attraction of the anionic dye with the positively charged adsorbent at pH 2.0 should
take place. Results of treatment of simulated effluents showed that AW@APTES-0.50 is a
potential adsorbent for being employed in real applications because the efficiency of removal

attained up to 98.66% of a sample with a complex formulation (see Table S1).
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Fig 1. Scheme of formation of hybrid.

Fig 2. FTIR spectra of AW@APTES-0.5 and AW.

Fig 3. TGA and DTA analysis. A- TGA of AW@APTES-0.5; B- DTA of AW@APTES-0.5;
C- TGA of AW; D- DTA of AW.

Fig 4. Isotherm of adsorption (A, C) and pore size distribution curves (B, D).

Fig 5. pHpzce A- AW@APTES-0.5, B- AW.

Fig 6. Kinetics of adsorption of 400 mg L™* RB-4 onto AW@APTES-0.5 and AW adsorbents.
A- nonlinear fitting using AW@APTES-0.5 adsorbent; B- intraparticle diffusion of RB-4 onto
AW@APTES-0.5 adsorbent; C- nonlinear fitting using AW adsorbent; D- intraparticle
diffusion of RB-4 onto AW adsorbent.

Fig 7. Mechanism of interaction between the adsorbent and adsorbate.

Fig 8. UV-Vis spectra before and after treatment with both adsorbents. A- Effluent A; B-

Effluent-B. For the chemical composition of the effluents, see Table S1.



OH
HO

HoN Si(OE
D NG
(APTES)

EtOH, 80°C, 24
h

/\Si/\/\NH2
vl
N O
\O i R \Si/\/\NH
HO O/I 2
— \O ')
HO / \/\/\
\ / 0O o //Si NH,
()
0
OH

@) OH
HO NH2
HO\ \/\/
O O/SI
0O .
O

F



Transmittance

3386

<
>
2846
2957, |

— AW
— AW@APTES-0.5

4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber (cm™)

Transmittance

—AW

1737
1631

'
'
]
Y
Vo
P
P
I
I
Vol
P
P
Y
]
P
P
H
I
Vo
H
'
i
s
1)
(e}
Yo
~

— AW@APTES-0.5

11458
1386
41260
1160
1110
C--804

1T P J, Wi

L N

2000 1600 1200 800

Wavenumber (cm™)

400

Fig 2



Weight loss (%)

Weight loss (%)

AW@APTES-0.5

Step Weight loss (%) Atmosphere

100 - {L@Q" 1 717 N,
1 2 -48.45 N,
3 -15.63 N,
80 - 4 22.72 Air
5 -0.03 Air
2
60 4 Total loss  -94.01%
40 -
20 -
'\000
0 5
0 200 400 600 800 1000
Temperature (°C)
AW
A
100 - z? 2 b«bf Step Weight loss (%) Atmosphere C
20 1 -5.53 N,
2 -2.00 N,
80 - 3 -61.36 N,
4 -17.31 N,
3 5 -12.36 Air
60 6 -0.26 Air
Total loss -98.82%
40 -
0 '5‘5’5"\
20 - ,\oﬁ)b
60 o
5 %16‘ \QQQ
0 -l 1 1 1 1 '6 1
0 200 400 600 800 1000

Temperature (°C)

dW/dT (% °C")

dW/dT (% °C™)

AW@APTES-0.5

1.2 1
1.0 1

0.8 4

833.3°
358.3°

0 200 400 600 800 1000
Temperature (°C)
AW
1.2
364.3°
1.0 4
0.8 4
834.4°
485.7°
' I
0 200 400 600 800 1000

Temperature (°C)

Fig 3




cm?/q)

(

Quantity Adsorbed

Quantity Adsorbed (cm?3/g)

AW@APTES-0.5

AW@APTES-0.5

A" B
—m— Adsorption !
2.0- —0O— Desorption -
S ..0.94
Sger 2.4 m?/g = 32 1
TPV = 0.0029 cm?/g =
1.5- <
& 244
O
-
1.0 ®©
D 16 -
j o
A g
051 M D 8-
-m-n-H >
| ',ll" ©
— —a—
00 B 1 1 1 1 1 v 1 0 B 1 1 v 1 v 1
0.0 0.2 0.4 0.6 0.8 1.0 0 20 40 60
P/P, Pore diameter (nm)
AW AW
1.8 C 70 D
] —e— Adsorption o
1.6 ‘ —O— Desorption : cIS-\ 60 /0_99
144 Sger 1.4 Mg = 1
TPV = 0.0022 cm?¥/g < 90 -
1.24 5]
] g 40 ~
1.0 1 S 1 l
0.8 4 | d o
1 o-0-9o g L 20 4 1.90
06 OW % . +___— .
S 2.01
le 1 ; -
02 1 1 1 1 v 1 v 1 0 - 1 v 1 v #l v 1
0.0 0.2 0.4 0.6 0.8 1.0 0 20 40 60

P/P,

Pore diameter (nm)

Fig 4



AW@APTES-0.5

pH

pzc

10.37

0 2 4 6
Initial pH

8

10

12

14

ApH

15 AW
1.0 -
126.057

0.5 -
00
0.5 -
1.0 -

0 2 4 6 8 10 12 14

initial pH

Fig 5



AW@APTES-0.5

200 -

50 -

= Experimental points

Pseudo-first order
—— Pseudo-second order
—— General-order

0 50 100 150 200 250 300 350 400 450 500
Time (min)

AW

e Experimental points

Pseudo-first order
—— Pseudo-second order
—— General-order

0 50 100 150 200 250 300 350 400 450 500
Time (min)

AW@APTES-0.5

200
150
‘TC»
(@]
£ 100
o
2" stage 3 stage
50 - ' '
1st .
o fi_stece : .
00 25 50 7.5 10.012515.017.5 20.0 22.5 25.0
t0'5 (min0.5)
60 D
N TH&H’E’L}
o ] : 5
3 : i
© 204
2" stage 3 stage
0 - L . . i

00 25 50 7.5 10.0 12,5 15.0 17.5 20.0 22.5

t0'5 (minO.S)

Fig 6



"
O/5‘/\/\NH3‘
!
AN HNT s ]
HO, I \O/S\/\/\NHE‘
_ -0 i

§

7
<
Q0o
o
o,
8,0

pH 2

HO\/
Si
O/ N\ NHs"
HO\S{
HO/ \\\\
NH3*
w\ Va /K/k
HO\ " o .
o057 Electrostatic
OH/ i Attraction
H N/\/\‘SI \ o
. R

~. - o/sy
A e PN .
Hydrogen bonding \ / W g NHgin = %0 \\ O
NH;

2

s\
i °/~o S
?H s

1N\
OH OH

Electrostatic
Attraction

o O g,
‘)\T n nlrﬂerac;lon N
AN
)\x Sseo %
Sa
® - R
i d NN A o .
/. 7
% / \/\/NH3‘ / ~o
O/ N ~ N N 7
2 X o : ~ #
° ~ St
g Sl
RS
, M,
. I
Electrostatic .
Attraction N "



Absorbance

Absorbance

0.8

0.7-
(16:
05-
04-
0&3:
(12:
051:

0.0 -

— Effluent A
—— Effluent A after treatment with AW@APTES-0.5
—— Effluent A after treatment with AW

98.66% removal using AW@APTES-0.5
10.24% removal using AW

300

1.6

400 500 600 700
Wavelength (nm)

800

14
1.2:
1.0:
(18:
(16:
0.4-
0.2-

0.0 -~

— Effluent B
—— Effluent B after treatment with AW@APTES-0.5
— Effluent B after treatment with AW

98.52% removal using AW@APTES-0.5
9.15% removal using AW

300

400 500 600 700
Wavelength (nm)

800

Fig 8



Supplementary Material

Preparation of hybrids of wood sawdust with 3-aminopropyl-triethoxysilane. Application

as an adsorbent to remove Reactive Blue 4 dye from wastewater effluents.

Roberta A. Teixeira, Eder C. Lima, Antdnio D. Benetti, Pascal S. Thue, Mariene R. Cunha,

Nilton F.G.M. Cimirro, Diana R. Lima, Faroq Sher, Mohammad Hadi Dehghani

2.5. Models of kinetics and isotherms of adsorption

Pseudo-first-order [53], pseudo-second-order [53], and General-order [53] models were used to

fit the kinetic data. The mathematical equations of these respective models are shown in

Equations 8, 9, and 10.

d.=9. - [1-exp(-k; - )] (8)

- gk, t (9)
C[ky(q,) t+1]

o= q (10)

(@)t eea] ™

Where t is the contact time (min); qt, ge are the amount of adsorbate adsorbed at time t and the
equilibrium respectively (mg g?); ki is the pseudo-first-order rate constant (min); k is the
pseudo-second-order rate constant (g mg? min?); kn is the general order constant rate

(mint.(g mg™*)™), n is the general-order exponent (n = 1) .



Langmuir, Freundlich, and Liu’s models were employed for the analysis of equilibrium

data. Equations 11, 12 and 13 show the corresponding Langmuir [53], Freundlich [53], and Liu

models [53].
_ Qmax ’ KL 'Ce (11)
L K_-C,
9. = Kg -C™ (12)
Qmax ’ (Kg ’ Ce)nL (13)

% = 1+ (K, -C)™

Where ¢e is the adsorbate amount adsorbed at equilibrium (mg g?); Ce is the adsorbate
concentration at equilibrium (mg L™); Qmax is the maximum sorption capacity of the adsorbent
(mg g1); KL is the Langmuir equilibrium constant (L mg™); K is the Freundlich equilibrium
constant [mg.g*.(mg.L"Y)"F]; Kg is the Liu equilibrium constant (L mg™); nr and n. are the

exponents of Freundlich and Liu model, respectively, (nr and n. are dimensionless).



Table S1. Chemical composition of the simulated dye effluents.

Concentration (mg L)
Dyes

Amax (NmM) Effluent A Effluent B

Procion Blue MX-R 594.0 45.00 90.00
Cibacron Brilliant Yellow 3G-P 402.0 12.00 24.00
Reactive Black 5 597.5 12.00 24.00
Reactive Orange 16 493.0 12.00 24.00
Reactive Red194 505.0 12.00 24.00
Other compounds

Na2COs3 15.00 30.00
NaCl 15.00 30.00
CH3sCOONa 15.00 30.00
KNOs 15.00 30.00
NasPO4 15.00 30.00
Sodium Dodecyl Sulfate 10.00 20.00
Na2S04 10.00 20.00
NH4CI 10.00 20.00
Humic acid 10.00 20.00
pH* 2.0 2.0

*pH of the solution was adjusted with 0.1 mol L* NaOH and or HCI.

Table S2. Hydrophobic/hydrophilic balance (HI) for AW and AW@APTES-X adsorbents.

Sample HI*

AW 0.724
AW@APTES-0.25 0.326
AW@APTES-0.50 0.277
AW@APTES-1.0 0.324
AW@APTES-1.5 0.931
AW@APTES-2.0 0.868




Table S3. CHN elemental analysis for AW and AW@APTES-0.5.

C(%) H®%) N (%)
AW 4625 6.16  0.00
AW@APTES-0.5 4453 612  1.00




Table S4. Kinetic parameters for adsorption of RB-4 dye onto AW and AW@APTES-0.5
adsorbents. It was used initial concentrations of 415 mg L RB-4, the adsorbent dosage of 1.5

gL pH2.
Pseudo-first order AW@APTES-0.5 AW
de (Mg g?) 186.5 43.16
ke (min) 0.06265 0.05455
ti2 (min) 11.06 12.71
to.os (Min) 47.82 54.92
R%aqj 0.9710 0.9659
SD (mg g) 9.543 2.442
BIC 101.8 62.05
Pseudo-second order
de(mg gb) 200.7 46.76
ko(g mg™* minY) 4.489.10" 1.652.10°
ti2 (min) 10.61 12.28
to.os (Min) 144.2 159.8
R2adj 0.9994 0.9982
SD (mg g} 1.341 0.5574
BIC 19.37 -17.52
General-order
de (Mg g?) 204.9 49.00
kn (min?.(g mgh)™L) 1.562.10* 3.388.10*
n 2.204 2.418
t12 (mMin) 10.59 12.29
to.95 (mMin) 164.9 198.8
R2adj 0.9998 0.9994
SD (mg g}) 0.8205 0.3157
BIC 0.6310 -39.48




Table S5. Parameters of the isotherm of Langmuir, Freundlich, and Liu for the uptake of RB-
4 onto AW@APTES-0.5 and AW adsorbent.

AW@APTES-0.5 10°C 20°C 25°C 30°C 40°C 50°C
Langmuir

Qmax (Mg g™ 294.4 348.1 349.0 395.2 384.8 423.2
Ki(L mg™) 0.008461 0.01069 0.01327  0.01661 0.02299  0.03291
R2adj 0.9976  0.9789  0.9927 0.8970  0.9989  0.9983
SD (mg g™) 4.034 14.40 8.702 36.878  3.793 5.317
BIC 47.82 85.99 70.89 114.2 45.97 56.10
Freundlich

Ke [(mg g%) (mg L

)] 30.64 42.93 50.32 76.47 72.11 100.9
nF 3.088 3.272 3.478 4.073 3.811 4.350
RZadj 0.9392  0.8866  0.9064 0.7667  0.9253  0.9133
SD (mg g™ 20.30 33.38 31.13 55.51 31.15 37.68
BIC 96.30 111.2 109.1 126.5 109.1 114.9
Liu

Qmax (Mg g™ 276.8 306.3 321.9 338.3 373.2 415.1
Kg (L mg™) 0.009478 0.01289 0.01504  0.01767  0.02441 0.03363
n 1.189 1.620 1.337 30712 1115 1.089
R2adj 0.9999  0.9999  0.9999 0.9998  0.9999  0.9988
SD (mg g™) 0.6006  1.191 0.4816 1.780 0.6760  4.516
BIC 7810 12.73 -14.43 24.78 4263  52.71
AW 10°C 20°C 25°C 30°C 40°C 50°C
Langmuir

Qmax (Mg g™ 22.32 39.86 44.08 31.71 40.26 32.44
Ki(L mg™) 0.00141 0.002877 0.003324  0.008018 0.005836 0.01297
R2aqj 0.8805  0.9904  0.9876 0.9944  0.9947  0.9924
SD (mg g™) 1.601 0.9847  1.253 0.6843  0.8345  0.8677
BIC 20.10 5.515 12.74 -5.402  0.5482  1.719
Freundlich

Ke (mg g* (mg L?)

UnFy 0.2520  1.300 1.922 3.527 3.102 5.217
nF 1.750 2.200 2.399 3.269 2.833 3.842
R2aj 0.8311  0.9427  0.9348 09784  0.9370  0.9677
SD (mg g™) 1.904 2.405 0.9348 1.350 2.884 1.788
BIC 25.29 32.30 37.67 14.98 37.76 23.42
Liu

Qmax (Mg g™ 12.81 32.93 36.45 36.63 36.45 36.66
Kg (L mg™) 0.003198 0.004168 0.004790  0.005460 0.007178 0.009486
n 4.186 1.439 1.523 0.7460  1.303 0.7227
R2aqj 0.9999  0.9999  0.9999 0.9999  0.9999  0.9999
SD (mg g™) 0.05419 0.07723 0.08141  0.02013 0.1363  0.05826
BIC 7997 6935  -67.76 -109.7 -52.30  -77.80
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Table S6. Thermodynamics of adsorption of RB-4 dye onto AW@APTES-0.5 and AW.

According to the literature, the thermodynamic equilibrium constant was calculated by the Liu

isotherm of Table 4 [55,56]. The AH® and AS° were calculated using nonlinear fitting [57].

AW@APTES-0.5

T (K) 283 293 298 303 313 323
Ke 6.042.10° 8.219.10° 9.586.10° 1.126.10* 1.556.10* 2.144.10*
AG® (kJ mol?) -20.49 -21.96 -22.71 -23.50 -25.12 -26.78
AS® (J KL.mol?) - - 160.6 - - -
AH® (kJ mol™) - - 25.10 - - -
AW

T (K) 283 293 298 303 313 323
Ke 2.038.10° 2.657.10° 3.053.10° 3.481.10° 4.575.10° 6.047.10°
AG® (kJ mol?) -17.93 -19.21 -19.88 -20.54 -21.93 -23.38
AS® (J Kt.mol?) - - 138.5 - - -
AH® (kJ mol™) - - 21,37 - - -




Cl A

as

N

H——N pKa=10.24

Fig S1- A- Structural Formula of RB-4 dye (C,H,,Cl,N,Na,0,S,) pKa values

are indicated in figure; B- optimized three-dimensional structural formula of RB-4
The dimensions of the chemical molecule was calculated using MarvinSketch
version 21.1.0. Molecular weight 681.383 g mol™; Van der Waals volume 454.98
R*: van der Waals surface area 681.31 A*(pH 2.0); Polar surface area 254.05 &’
(pH 2.0); Dipole Moment 90.94 Debye; Hydrophilic-lipophilic balance 43.50.
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Fig S3. Estimation of values of pK, for the amino and silanol groups of
AW@APTES-0.5
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contact time 360 min.
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