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Fluid catalytic cracking is essential in petroleum refining but generates harmful silica-rich spent
catalysts (CR). Agricultural waste, like burned rice husks, produces high-silica ashes (RHA). Both CR
and RHA are promising waste-derived adsorbents. Polyurethane foams (PUFs) are ideal for adsorbing
pesticides in water due to their multiple binding sites, making them effective supports for retaining
various pesticide classes. Bio-based PUF was synthesized and incorporated with 50% CR or RHA
by polyol mass. The sorbents were analyzed using X-ray diffraction, scanning electron microscopy,
microtomography, thermogravimetric analysis, infrared spectroscopy, and contact angle. Effectiveness
of the adsorbents in aqueous systems was evaluated by adsorption efficiency at different pHs (2.0, 7.0,
and 12.0) using pesticides mancozeb, glyphosate, and 2,4-dichlorophenoxyacetic acid. In the experiment
with mancozeb after 24 hours at pH 2.0 and a concentration of 300 mg L™, pure PUF-REF obtained
an adsorption efficiency of 85% (38.60 mg/g). In the same experiment, PUF loaded with CR achieved
98% (45.98 mg/g) removal of pesticide, while PUF loaded with RHA obtained adsorption efficiency
of 62.5% (29.87 mg/g). This work examines the use of petrochemical and agro-industrial wastes as
adsorbents for removing organic contaminants from natural waters, highlighting their potential to
enhance sustainability and circular economy practices.
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Pesticides.

1. Introduction

Pesticides are compounds used to kill pests (insects,
rodents and fungi) and weeds whose uncontrolled use can
cause serious problems for non-target organisms, such as
water contamination'. In aquatic systems, this contamination
occurs through crop runoff, becoming a global health
concern, especially in Brazil, a country considered to be
one of the largest consumers of pesticides in the world.
Approximately 80% of the pesticides authorized for sale
are banned in at least three countries of the Organization
for Economic Cooperation and Development (OECD) and
the European Community”.
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The rapid urbanization and industrialization have severely
damaged global water resources with organic and inorganic
pollutants, as continuous discharge of industrial, municipal,
and farm runoff effluents contaminates groundwater,
threatening both healthy ecosystems®”. It is estimated that
10-20 million deaths annually due to waterborne diseases,
including over 200 million deaths worldwide each year, with
around 5,000-6,000 children dying daily from conditions
like diarrhea, and more than 0.78 billion people lacking
access to safe water sources globally®.

Poor basic sanitation conditions pose a great risk
to human health, since pesticides are not removed by
conventional treatment, despite being monitored in treatment
plants’. Due to this, excessive levels of organic chemicals,
such as pesticides, have been detected in drinking water’.
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In Brazil, the most widely sold pesticides, such as glyphosate,
2,4-D (2.,4-dichlorophenoxyacetic acid) and mancozeb,
are linked to various health problems, including possible
cases of cancer®. Glyphosate, a widespread pesticide, has
been considered a probable carcinogen by the International
Agency for Research on Cancer (IARC), associated with
non-Hodgkin’s lymphoma and reproductive toxicity’'.
2,4-D is also classified as a possible human carcinogen
by the IARC, while mancozeb, classified as a carcinogen
by the European Union, is associated with respiratory and
neurological risks'”'*.

Common water treatment technologies such as ion-
exchange, adsorption, chemical precipitation, membrane
filtration, oxidation, and photocatalysis have shown that
hazardous chemicals are persistent and challenging to
remove’; Therefore, a reliable, cost-effective, and eco-friendly
solution is needed to remove these substances and protect
human health and the environment'.

The adsorption process refers to the attachment of a substance
to a surface through molecular attraction, which can occur via
physical adsorption, chemical adsorption, or a combination
of both'®. Physical adsorption (physisorption) involves the
adherence of molecules or atoms to a surface through weak
intermolecular forces—primarily van der Waals interactions.
Already the chemical adsorption (chemisorption) involves
stronger interactions, typically through chemical bonds, such
as covalent bonds, or functional groups on the surface, such as
carboxyl or hydroxyl groups. The degree of chemical bonding
depends on the number of available functional groups and the
surface area accessible for adsorption® Overall, adsorption is
generally regarded as a viable and highly efficient process'’,
though it can sometimes be high cost. Estimates suggest that
the cost of using adsorption technology for water treatment
ranges from 5.0 to 200 US dollars per cubic meter of water'®.
Because of that, the first step towards an efficient adsorption
process is to choose an easily obtainable adsorbent with high
selectivity, low cost and removal capacity.

Activated carbon is the most commonly used adsorbent
for removing various pollutants from water'**’. This material
is known for its advantageous stability and porosity for the
adsorption process and can be produced from carbon sources
using carbonization and activation processes. However, the
high cost and challenging acquisition of raw materials limit
their use as adsorbents, while the dominance of micropores
in activated carbon restricts the diffusion and accessibility
of organic pollutants, reducing its adsorption capacity and
limiting its use as an adsorbent’'.

In this context, researchers have looked to unconventional
materials such as agricultural residues (rice shells, sewage
sludge compost, Moringa oleifera, Alcaligenes faecalis
and sunflower seeds)””* to adsorb organic contaminants
in water. Other reported alternatives are activated carbon
compost with zinc and magnesium compost™, biochars®,
graphene-based materials”’*’, iron composite nanoparticles™*',
montmorillonite and bauxite®?, zeolites**, titanium oxide
nanoparticles and polyurethane foams (PUF)*.

PU-based materials have chemical and physical properties
suitable for the adsorption of aqueous contaminants, with high
adsorption capacity, chemical and thermal resistance, low
cost, easy to obtain and the ability to retain various types of
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microcontaminants. The different functional groups in their
structures - ether, ester, urea, amides and urethane groups - and
the possibility of adjusting the geometric structure and size of
their cells and pores, and of chemically modifying their surface,
give the foams important properties for use as adsorbents'.

Polyurethane foams are materials that can be manufactured
with relatively low energy requirements and minimal capital
investment in equipment. They are produced by reacting
isocyanates with polyols, usually in the presence of a catalyst
or ultraviolet (UV) light”’. Most polyurethane foams are
prepared from raw materials obtained from petrochemical
industries; however, the petrochemical raw material is not
renewable, and its production and use result in a serious
greenhouse effect. Therefore, foams produced solely from
petrochemical materials can no longer meet the needs of
long-term low-carbon development strategy**.

Although traditionally derived from petroleum, polyols have
been replaced by renewable alternatives, such as vegetable oils,
due to high energy consumption and environmental concerns.
Rich in reactive functional groups, these oils can be converted
into polyols by processes such as epoxidation, ozonolysis
and transesterification, enabling their partial application
in the production of PUs. The growing global demand for
PUs reinforces the importance of recycling methods, which
include chemical and mechanical processes, energy recovery
and reuse’®*’, with environmental and economic benefits.
An interesting property of PU foams based on plant-based
polyols is the possibility of their regeneration and reuse'.

Incorporating fillers into polymer foams enhances physical
properties like mechanical and thermal characteristics,
modifies polymer structures, acts as nucleants and promotes
cell nucleation during foaming processes. Furthermore, PUF
has enough dimensional stability, which makes this foam an
excellent choice for developing a porous support whereupon
adsorbent particles can be attached™.

The performance of fillers in wastewater treatment affects
energy consumption, efficiency, and stability. Traditional
fillers include inorganic, organic, and synthetic polymers, but
polyurethane sponge (PU) fillers have recently gained attention
for their low cost, high porosity, and effectiveness in supporting
microorganism growth and removing organics and nutrients*'.

The petrochemical and agro-industrial sectors generate
residue with a high potential for reuse. Among these residues,
petroleum catalyst (CR) and rice husk ash (RHA) stand
out as materials with promising applications in the area of
adsorption, offering opportunities for their reuse'**.

CR is a porous particulate material, with pores of
approximately 4 nm, composed mainly of SiO, (55.7% by
weight) and Al O, (37.2% by weight)**. RHA is a particulate
material with irregular shapes and microporous cellular
structures, with the presence of cristobalite and a silica
content of over 70%*. The high silica content is due to the
burning of this material, generating SiO,*.

With this in mind, this work aims to evaluate the
removal of the pesticide’s glyphosate, 2,4-D and mancozeb
from aqueous solutions with different pH ranges using
polyurethane foams and composites. This study offers an
innovative solution for removing pesticides from aqueous
solutions while also proposing an environmentally friendly
and cost-effective method for preparing PU composites.
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In this way, the aim is to improve water quality by reducing
pesticides, as set out in the Sustainable Development Goals
of the UN 2030 Agenda*.

2. Materials and Methods

2.1. Materials

The petroleum catalyst residue (CR) was kindly provided
by REGAP, PETROBRAS, located in Betim-MG, Brazil. The
rice husk ash (RHA) was supplied by Indiana Distribuic@o
(Embu das Artes — SP, Brazil), and is commercialized as
Silcca Nobre SBI®. Biopol® 411, a polyol derived from
castor oil with hydroxyl number of 294 mg KOH g and
functionality 2.7, is produced by Poly-Urethane (Ibirité-MG,
Brazil). Polymeric methylene diphenyldiisocyanate (pMDI),
molar mass of 349.9 g mol"! and average functionality 2.6,
is imported from Asian countries by Poly-Urethane and sold
as Biopol® ISO. The catalyst Tin(II) octoate, with trade
name Liocat® 29 (TIN) is provided by Miracema-Nuodex
(Campinas-SP, Brazil). Tegostab® B 8135, silicone with
high stabilizing potency, by Evonik (distribution center in
Guarulhos-SP, Brazil). From Sigma-Aldrich are: polypropylene
glycol-PPG 2000 (81380), mancozeb (45553), glyphosate
(45521) and 2,4-D (2,4-dichlorophenoxyacetic acid) (49083).

Table 1. Foam formulation.

2.2. Polyurethane foam and composites synthesis

The pure polyurethane foam (PUF), used as reference
(PUF-REF), was synthesized using the “one-shot”
process at room temperature (25 + 3°C), as established by
Almeida et al.' and shown in Table 1 and Figure 1. The
synthesis involved mixing 11.25g of Biopol 411, 1.25¢g of
PPG 2000, 0.40g of deionized water, 0.025g of TIN and
0.10g of Tegostab® B 8135 at a speed of 1000 rpm for
2 min. Then, 16.74g of MDI was added and stirring for a
further 30 sec. The resulting composition was left to stand
for 48 h at room temperature.

The PUF-CR and PUF-RHA polyurethane composites
(Figure 1) were produced in the same way, by incorporating 50%
CR or RHA (as for the total polyol mass) along with the polyols.

2.3. Characterizations

2.3.1. BET surface area

The BET specific surface area of CR and RHA was
analyzed using Quantachrome equipment, model Nova
Station A’ (Anton Paar GmbH, USA). The samples were
analyzed in a nitrogen atmosphere (adsorption-desorption
isotherms at 77 K), using multi-point measurement,
with relative pressures (P/P0) ranging from 0.01 to 0.99.

Residue Polyol Polyol Silicone Expander Isocyanate
Foam Sample et ppG 2000 Biopol}(,@ g CHRSLTING o stab Deioniged Water  MDI
PUF- REF 0.00/0.00 1.25 11.25 0.025 0.10 0.40 16.74
PUF-CR 6.25/0.00 1.25 11.25 0.025 0.10 0.40 16.74
PUF-RHA 0.00/6.25 1.25 11.25 0.025 0.10 0.40 16.74
*units in grams.
MDI
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Figure 1. Schematic representation of PUFs formation process.
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The samples were previously prepared by degassing at 100 °C
for 48 h. The Barrett, Joyner and Halenda (BJH) and non-local
density functional theory (NLDFT) methods were used to
determine the average pore diameter and volume.

2.3.2. X-ray diffraction

The X-ray diffraction patterns of CR and RHA were
obtained using an X-ray diffractometer (PANalytical X Pert,
Empyrean, Netherlands) equipped with a Cu tube (CuKa
radiation, A = 6 A) and a graphite crystal monochromator,
operating at 40 kV and 40 mA. The scan was carried out at
a rate of 0.06 s! for 20 ranging from 3 to 90°".

2.3.3. Scanning electron microscopy (SEM)

The fractured surfaces of the polyurethane foam and
its composites were examined using scanning electron
microscopy (SEM) (FEI, model INSPECTTM S50) coupled
with energy dispersive X-ray spectroscopy (EDX, EDAX
GENESIS, Czech Republic). The SEM samples (1 x 1 cm?)
were immersed in liquid nitrogen, fractured and coated
with gold using a sputter coater (SPI Sputter Coater, SPI
Supplies, PA, USA). Fracturing the samples exposed the
cellular structure of the polymer. Before analysis, the samples
were coated with a thin layer of gold by sputtering at a low
deposition rate. The images were captured using secondary
electrons with an accelerating voltage of 15 kV.

2.3.4. X-ray microtomography

Details of the morphologies of the polyurethane foam
and composites were obtained by X-ray microtomography
(Skyscan 1174, Aartselaar, Belgium), using an X-ray source
voltage of 35 kV, current of 800 A, and a three-dimensional
(3D) spatial resolution of 8.05 pm. Two-dimensional images
of the positioned samples were acquired using unfiltered
X-ray beams at 0.7 intervals, followed by software-assisted
reconstruction (NRecon v.1.6.9.18, Skyscan, Bruker microCT,
Belgium). 3D models were built using CTAN v.1.15.4.0
software (Bruker microCT, Belgium), and visualization of
3D images of bulk materials was carried out using CT Vol
v.2.3.1.0 (Skyscan, Bruker microCT, Belgium).

2.3.5. Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) of the residues,
polyurethane foam and composites was carried out by weighing
8.0+1 mg of the samples using Seiko-SII Nanotechnology
Inc., Japan, model Exstar 7200, under a nitrogen atmosphere
(with a flow rate of 30 cm® min'). The samples were heated
in a platinum crucible from 25 °C to 800 °C, at a heating
rate of 10 °C min™'.

2.3.6. Fourier transform infrared spectroscopy (FTIR)

The chemical groups of the residues, the polyurethane
foam and the composites were analyzed using Fourier
Transform Infrared Spectroscopy (FTIR), using a Thermo
Scientific Nicolet TM 6700 Gold spectrometer with the
Attenuated Total Reflection (ATR) technique. The samples
were pressed against a ZnSe crystal, and the analysis covered
the 4500-450 cm'1 range, with 32 scans and a resolution
of 4 cm™.
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2.3.7. Contact angle

The hydrophobicity of the PUF-REF, PUF-CR and
PUF-RHA was investigated by measuring the contact angle.
The measurements were carried out by depositing a drop
of deionized water, using a 1 mL syringe, on the surface of
the samples at room temperature (25+3°C).

2.4. Pesticides adsorption

The polyurethane foams (PUFs) were cut into
approximately uniform cubes, each with a volume of about
0.8 cm®. A pre-established fixed mass of adsorbent was used
in all adsorption assays to ensure representativeness and
allow for comparison of the results. The foam cubes were
individually weighed and directly added to the solutions for
cach experimental condition.

In 100 mL amber glasses, 20 mL of the aqueous
solution of 50 and 300 mg L' of the pesticide was poured
into deionized water at pH 7. Subsequently, 120 mg of the
each foam were added to the bottles. These vessels were
subjected to mechanical agitation (Mod 786, Fisatom)
at 150 rpm for 24 h, followed by filtration Millex-HV
Syringe Filter with 0.45 um membrane (Sigma-Aldrich -
SLHVR33RS). The filtrate was then analyzed by UV-Vis
at 193 nm for glyphosate, 279 nm GIR for mancozeb and
283 nm for 2,4-D***. The foams were submitted to the same
process with 50 and 300 mg L' solutions at pH 2 and 12.
The amounts of glyphosate and mancozeb were determined
in aqueous solution using an ultraviolet-visible (UV-Vis)
spectrophotometer (UV-2600, Shimadzu Corporation),
using a quartz cuvette (Kasvi) over the wavelength range
185 to 400 nm. As for 2,4-D, it was evaluated ina 1:1 v/v
methanol: water solution'. Figure 2 illustrates the absorption
method for pesticide removal by the foams.

A control experiment was performed under the same
conditions as the sorption tests — identical contaminant
concentrations, pH, and stirring time — but in the absence
of adsorbents (PUF-REF, PUF-CR, and PUF-RHA). The
prepared aqueous solutions were subjected to mechanical
stirring at 150 rpm for 24 hours, followed by filtration using a
Millex-HV syringe filter with a 0.45 pum membrane (Sigma-
Aldrich — SLHVR33RS). Filtrates from each solution were
then analyzed by UV-Vis spectrophotometry at the following
wavelengths: 193 nm for glyphosate, 279 nm for mancozeb,
and 283 nm for 2,4-D.

All assays were performed in triplicate. Equations 1 and
2 were applied to determine the adsorption efficiency (E%)
and adsorption capacity (Qe) (mg of adsorbate/g adsorbent),
respectively.

%E:Mx 100 (1)
0
Qe = (Co - Ce)xL 2)
m

where Co and Ce are the initial in the solution and the final
contaminant concentration at any given time (mg. L™),
respectively, V is the volume of solution (L) and m is the
mass of adsorbent (mg).
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Figure 2. Illustration of the absorption method for pesticide removal by the foams.

Table 2. Surface area and porosity of RHA and CR.

SAMPLE Soer Vo (e
(m’/g) (cm’/g) (nm)
RHA 5.580 + 1.200 0.012 = 0.006 0.160 = 0.680
CR 150.000 £ 15.000 0.160 £ 0.016 4200 £ 0.420

*Specific surface area (S,

2.5. Contact time

The contact time between sorbents and pesticide solution
was evaluated to determine the kinetic of adsorption. The
experiment was conducted for 44h in a system with a pH
value of 2 and a Mancozeb concentration of 300mg/L.

3. Results and Discussion

3.1. Characterization of petroleum catalyst residues
and rice husk ash

The specific surface area of RHA and CR was evaluated,
since this parameter is relevant as a morphological characteristic
associated with adsorbent materials: increasing the area
increases the number of sites available for adsorption.
The specific surface area of RHA and CR was found to be
5.58 m’g! and 150 m*g™!, respectively. The value concerned
to RHA was lower than those found by some authors, for
example, 32.6 m’g! and 65.36 mg'***. Probably, the variety
of rice husks gives rise to ashes with diverse specific surface
areas™. In the case of CR, the value of specific surface area
is in agreement with other authors®**'2,

Porous materials can be classified in terms of their
structure as microporous, mesoporous and macroporous,
depends on their pore diameter. Pores smaller than 2.0 nm,

), Total pore volume (Vp) and Mean pore diameter (D).

pores between 2.0 nm and 50 nm and pores larger than
50 nm, respectively*. Therefore, RHA with pore diameter
of 0.16 nm has a microporous structure and CR with pore
diameter of 4.20 nm has a mesoporous structure. Table 2
summarizes the parameters determined for the porous residues.
In addition, according to the toxicity characteristics leaching
procedure, CR is classified as non-hazardous residue and
can be categorized as general industrial residue’.

X-ray diffraction analysis of the particulate materials
(Figure 3) showed that both have well-defined peaks. In the
analysis of the X-ray diffraction pattern of CR, as discussed
by researchers’, it is noticeable that there is a broad peak
between 6.22° and 30°, which is indicative of the presence
of faujasite-type zeolite. Zeolites are highly effective
and cost-efficient adsorbents for removing wastewater
pollutants, thanks to their excellent ion-exchange capacity,
large surface areas, and cage-like structures'®. The peak
at 67.17° is attributed to the quartz (SiO,) present in the
CR structure. Other peaks are attributed to cristobalite,
mullite and quartz'*°. The RHA diffraction pattern shows
an intense peak around 22°, which typically indicates the
formation of amorphous silica, as well as other small
peaks at 36°, 65° and 78°, suggesting a pattern compatible
with silica in the form of cristobalite, formed during the
combustion of RHA*,
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Figure 3. X-ray diffraction analysis of: (a) CR and (b) RHA.

Thermal analysis of RHA and CR (Figure 4) revealed
a reduced loss of mass when the material was heated,
indicating the thermal stability of these materials. Both
materials show an initial loss of mass (up to 200°C) related
to water adsorbed on the surface of the particles. After this
temperature, burning and decomposition of the inorganic
material occurs™.

Chemical analysis of the adsorbents using the FTIR
technique (Figure 5) indicated the presence of intense bands
around 1069 cm™ and 1086 cm™ for CR and RHA, respectively.
These bands are characteristic of the Si-O-Si clusters that
make up the structure of silica (SiO,) and which appear in
different forms in particulate materials, as indicated in the
XRD analysis (Figure 3)**%, In addition, FTIR analysis
confirms the inorganic nature of the particulate adsorbents,
due to the absence of bands related to organic groupings.

3.2. Characterization of foam and composites

Figure 6 illustrates the visual differences between foams
and composites. In Figure 6a, the pure polyurethane foam
shows a light-colored material and the PU-CR composite,
Figure 6¢, shows a more grayish color due to the incorporation
of CR. PU-RHA (Figure 6¢), on the other hand, has an even
darker color, due to the color of the RHA being darker than
that of the CR.

The SEM image reveals a three-dimensional,
interconnected porous structure with abundant macropores
formed, promoting rapid diffusion, buffering, and storage
of pollutant molecules for optimal utilization of the porous
network®!. The cell structure of foam plays a crucial role in
determining its mechanical properties, sound absorption, and
overall performance®. The SEM images of the adsorbents
(Figures 6b, c, f) show that the addition of RHA and CR to
the foams practically did not alter the cellular structure and
integrity of the foams, with open and interconnected pores, as
well as pores of different sizes, which favors mass transport
and contact between contaminant and adsorbent, favoring
their removal process in aqueous systems'’.

The addition of RHA and CR to the polyurethane matrix
(indicated by the white arrows) shows an adequate dispersion
of the particulate material in the polymer matrix, although CR
has some agglomerated particles. The particles attached onto
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Figure 4. Thermogravimetric analysis of: CR and RHA.
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Figure 5. Fourier transform infrared spectroscopy spectra of:
CR and RHA.

its skeleton surface and the particles are evenly distributed,
resulting in an increase in the roughness, compared with that
of PU foam, characteristic that is satisfactory for increasing
the polymer’s adsorption efficiency**°.
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A more detailed analysis of foam porosity, performed  However, the maximum pore size decreased after incorporating
using X-ray microtomography (Micro-CT, Figure 7), RHA (Figure 7d), and decreased even further with the
revealed preserved interconnectivity between pores. The total ~ addition of CR (Figure 7f). The average pore size of the
porosity of the pure foam was 96.77%, with slight variations ~ pure foam was 656 um, increasing to 806 um in PU-RHA
observed for PU-CR (93.83%) and PU-RHA (95.12%).  and decreasing to 294 pm in PU-CR.

S ot

S 7144000 45k x50 BSE M W o

Figure 6. Images of: (a) PU-REF, (c) PU-CR, (e) PU-RHA. Scanning Electron Microscopy of: (b) PU-REF 50x, (d) PU-CR 50X,
(f) PU-RHA 50X.
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Figure 7. X-ray microtomography of: (a) PU-REF, (c¢) PU-RHA, (e) PU-CR. Total porosity distribution of: (b) PU-REF, (d) PU-RHA,
(f) PU-CR.
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A progressive reduction in the number of open pores
was observed with the incorporation of residues. Smaller
pores, as seen in PU-CR (294 pm), can enhance adsorption
capacity by increasing surface area and promoting stronger
interactions. In contrast, larger pores, such as those in
PU-RHA (806 pum), facilitate diffusion but offer lower
surface area and weaker interactions. The PU-REF foam,
with an average pore size of 656 um, showed intermediate
adsorption performance.

Figure 8 shows the thermogravimetry analysis of the
foam and composites with the incorporation of residues.
The curves show similarities in thermal decomposition, with
three stages. A first stage of mass loss was observed around
275°C, which can be related to the degradation of the rigid
urethane and urea segments belonging to the foam. The
second stage occurs at around 375°C and can be attributed
to the degradation of soft segments of the foam’s polymer
chain. The third stage of decomposition, around 455°C,

100
80

60 4

Weight (%)

40

20 4

400 600

Temperature (°C)

0 200

Figure 8. TGA curves of : a) PU-REF, b) PU-RHA and ¢) PU-CR.

Absorbance (a.u)

CR
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is associated with the decomposition of fragments generated
during the second stage. Above 700°C, the decomposition of
pure polyurethane foam produces no residue. In the case of the
composites, as expected, there is residue, since RHA and CR
are relatively stable against thermal decomposition up to the
temperature evaluated. It is known that silica-based adsorbents
are chemically and thermally stable'**’. The results of this
work are in line with studies carried out by Almeida et al.',
Pereira et al.*?, Kahlerras et al.°® and Lu et al.”’; and show
that incorporating CR and RHA significantly improves the
thermal stability of the composite foam, similar to what Xu
at al*. observed.

The FTIR spectra obtained for the CR and RHA (Figure 9)
showed the presence of typical bands of silica. The bands at
1089 cm™ and 1026 cm™! are attributed to the asymmetrical
stretching vibration of Si-O-Si bond of the structural siloxane
groups®. The Si-O-Si clusters that make up the structure of
silica (Si0,) appear in different forms in particulate materials,
as indicated in the XRD analysis (Figure 3)****%. The band
around 800 cm™ in both spectra is assigned to the symmetric
stretching vibration of the Si-O bond®.

Researchers defined an index w=100 x (I, /I,,,) as
a measurement of the three-dimensional organization of
silica. According to them, when comparing two types of
silica, higher value of ® indicates a well-organized silica
network. Herein, CR and RHA did not present significant
difference in the ® values®'.

The main FTIR bands of the polyurethane are given in
Table 3%42300-62 The predominance of polyurethane bands are
clear in both spectra of PUF-REF and composites (Figure 10).

Compared with PUF-REF spectrum, the composite
spectra showed very slight differences. For example, the
band relating to isocyanate groups -NCO (2270 cm™) in the
spectra of the composites remained unchanged. According
to researchers®, the incomplete reaction during foam
synthesis is probably due to the increase in viscosity of the
reaction medium when the particulate adsorbent is added.

CR

Absorbance (a.u)

T T T T T
4000 3500 3000 2500 2000 1500

Wavenumber (cm’™)

T 1
1000 500

T
1000

Wavenumber (cm™)

Figure 9. Fourier transform infrared spectroscopy spectra of: CR and RHA. The inset shows the enlarged region of CR spectrum.
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Herein, this situation was not observed due to the high
reactivity of the reagents, as demonstrated by the PUF-REF
spectrum with the low intensity band at 2270 cm™. The
evident band at 1685 cm™' in PUF-REF spectrum, typically
attributed to urea C=0, was shifted towards higher frequencies
region (1700 cm™) in PUF-RHA spectrum. This might
indicate that the presence of RHA is delaying the formation
of urea groups®. In this case, more isocyanate groups are
available to react with polyol (Figure 11) procing C=0 of
ester associated with urethane (1700 cm™). The reaction of
isocyanate with water gives rise to urea groups and carbon
dioxide, which expands the foam (expansion reaction).
During the experiments, it was observed that the expansion
of PUF-RHA was slower than that of PUF-REF. Obviously
the system is more viscous, but the formation of lesser urea
also helps to retard the expansion. This occurs more markedly
with PUF-RH than with PUF-CR.

The main FTIR bands of the polyurethane are given in
Table 338423660-626¢ The predominance of polyurethane bands
are clear in both spectra of PUF composites (Figure 9 and
Figure 10).

Figure 12 shows the results of the contact angle (CA)
test for polyurethane foam and its composites. The data
shows a hydrophobic characteristic of the PU-REF adsorbent
(6>90°), and its value is compatible with the literature*’*.

After incorporating RHA into the polymer, the contact
angle increased, making the material’s hydrophobicity
more evident. Incorporating CR into PU reduced its contact
angle. Incorporating CR into PU reduced its contact angle,

PUF-REF

Absorbance (a.u)

PUF-CR

T T T T T T
4000 3so0 3000 2500 2000 1500 1000

Wavenumber (cm™)

likely due to the high surface area and pore size seen in
silica-based adsorbents'’. Studies indicate that hydrophobic
surfaces are highly suitable for the adsorption of organic
components' 036,

3.3. Calibration curve

Figure 13 shows the absorption spectra of the pesticides
in solutions with concentrations ranging from 5 to 500 mg/L,
analyzed in the 185 to 400 nm range. The maximum
absorbance peak was observed at wavelengths of 283 nm

Table 3. The main characteristic FTIR bands of the polyurethanes.

Wavelenghth (cm™) Assignment®

3295 st N-H

2930 - 2862 st C-H (CH,) asym and sy respectively
2260 st N=C=0
1717 st C=0 (ester and urethane-associated)
1600 st sy COO
1523 st C-N and 6 N-H
1450 6 CH, and 6 CH,
1370 5, C-H(CH)
1236 st asy N-CO-O and st C-O-C
1100 st C-O-C
1043 st sy N-CO-O and st C-O-C
995 st C-O-C

“st: stretching, §: bending, sy; symmetric, asym: non-symmetric,
Soop: bending out the plane.

PUF-REF

PUF-RHA

Absorbance (a.u)

T T T T T T
000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 10. FTIR spectra of PUF-REF and PUF-CR (a), PUF-REF and PUF-RHA (b).

OZCZNOCHZ—ONZCZO + HO—CH,—CH,—OH

Di-isocyanate

Polyol

2 i
OO pheonons
H H

Polyurethane

Figure 11. Polyurethane synthesis reaction through the reaction between diisocyanate and polyol®.
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for 2,4-D (Figure 13a), 279 nm for mancozeb (Figure 13b)
and 193 nm for glyphosate (Figure 13¢)**’. Analysis of
the control sample confirmed the absence of adsorption of
the pesticides on the glass surfaces during the calibration
process and/or measurements.

3.4. Adsorption study as a function of pesticide
concentration

First, the results of control experiments demonstrated
that there was no degradation of any of the three pesticides—
glyphosate, mancozeb, and 2, 4-D under the conditions of
the present study. This is consistent with previous studies in
which the adsorption of mancozeb and 2,4-D was evaluated
over pH ranges of 3 to 11° and 2 to 10%, respectively, while
glyphosate was tested over a range from 2 to 10%.

PU-REF

PU-CR

Materials Research

All adsorbents developed in this study (PU-REF, PU-RHA,
and PU-CR) were evaluated in adsorption tests for the pesticides
2,4-D, mancozeb, and glyphosate, using concentrations of
50 mg/L and 300 mg/L and pH 7. In the adsorption test for
the pesticide 2,4-D (Figure 14a), removal was recorded at all
the concentrations studied (50 mg/|L and 300 mg/L), ranging
from 0.11 mg/g (1.27%) to 2.02 mg/g (4.33%), respectively.
On the other hand, for mancozeb (Figure 14b), significant
removal was observed at high concentrations (300 mg/L)
with a value of 12.78 mg/g (24.90%), for the composite
containing petrochemical residue. With regard to glyphosate
(Figure 14c), there was no detectable adsorption at the
concentrations tested with the synthesized adsorbents. For
the polymer composite incorporated with rice husk ash, there
was no adsorption for the pesticides glyphosate and 2,4-D.

PU-RHA

Figure 12. Contact angle of synthesized foams.

4 2.5 0,9
35 | y=0.0075% + 00486 ¥ = 0,0045x + 0,0886 0.8 | y=0,0015x+0,0468
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Figure 13. Calibration curves of 2,4-D (a), Mancozeb (b) and Glyphosate (c).
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Figure 14. Adsorption of pesticides using PU foams and composites at pH 7: a) 2,4-D, b) Manconzeb and c¢) Glyphosate.
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For the pesticide mancozeb, the adsorption efficiency was
extremely low. Other organic and inorganic contaminants
should be investigated with polyurethane foams incorporating
rice husk ash to evaluate their adsorption potential for a
wider range of pollutants.

3.5. Adsorption study as a function of pH variation

The pH of the solution is crucial in the aqueous
environment as it significantly influences the adsorption
performance of the adsorbent®. In the study, for 2,4-D,
adsorption was ~ 4% (2.10 mg/g) for the foam containing
petroleum catalyst residue at a concentration of 300 mg/L
at pH = 2, while at pH = 12 no adsorption was observed
(Figures 15a and 15b). Mancozeb showed a substantial
increase in removal efficiency with the incorporation of
catalyst residue, reaching approximately 100% (17.97 mg/g)
and 98% (45.98 mg/g) removal at pH 2 for concentrations
of 50 mg/L and 300 mg/L, respectively (Figure 15c). These
values are higher than those reported in the literature for
some organic contaminants in aqueous systems, such as
methylene blue (93.75%)% and textile effluents (47.86%)".
In the aqueous solution at pH = 12, visual changes in color
and turbidity were noticed, altering the behavior of the UV-vis
curve and suggesting a possible reaction with NaOH. For
glyphosate, no adsorption was observed at pHs 2 and 12.
All the composites synthesized with the incorporation of
rice husk ash, PU-RHA, showed lower removal efficiency
compared to the composites containing catalyst residue,
with the highest removal percentages for mancozeb of
(62.5% for pH 2 and 47.3% for pH 12 at a concentration of
300 mg/L, Figures 15¢, 15d). For an aqueous system with a
concentration of 50 mg/L, the adsorption efficiencies were
45% for pH 2 (Figure 15¢) and 34% for pH 12 (Figure 15d).

The polymer composites did not show adsorption for
glyphosate and 2,4-D (Figures 15¢, 151).

Most of the time, as the initial concentration increases,
there is a decrease in absorption capacity. Initial concentration
of the adsorbate in the solution creates the driving force
(concentration gradient) for mass transfer between the
solution and the adsorbent’”'. At lower concentration, the
ratio of the number of solute molecules to the adsorbent
surface is low. At high concentrations, however, the ratio
becomes high i.e. the unused adsorption sites for adsorbate
decrease and the adsorption uptake capacity depends on the
initial concentration’'. This matches with many studies in
which removal percentages showed a decreasing trend with
increasing concentration*. The authours attributed this to the
increased numbers of mancozeb molecules (adsorvate) than the
numbers of active sites of biochar (adsorbent). The increase
in removal efficiency at higher concentrations may seem
counterintuitive, since progressive saturation of active sites
is expected. This little expected behavior might be explained
by the higher concentration gradient, which acts as a stronger
driving force for mass transfer of the contaminant from the
solution to the adsorvent. Similar results have also been
reported in literature using polyurethane-based adsorbents,
suggesting that this behavior may be a characteristic feature
of such materials'*’. This hypothesis should be tested in
further studies exploring higher concentration ranges.

The results of the control experiment demonstrated that
there was no degradation of any of the three pesticides—
glyphosate, mancozeb, and 2,4-D—analyzed individually
under the evaluated conditions, confirming their stability in
the aqueous system throughout the study period.

The point of zero charge (PZC) for each sample provides
understanding of how adsorbents interact with the adsorbate
at different pH levels of the solution (Jankowska et al., 2024).
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Concentration (mg/L)

300 50 300

Concentration (mg/L)



12 Almeida et al.

Zeta potential measurements were performed and found
PZC for RC and PUF as 2.55 and 6.05, respectively'. The
PZC 8.3 of RHA was determined by others using the solid
addition method’. The pKa of 2, 4-D and glyphosate were
reported as 2.8 and 2.6%, respectively. Mancozeb does
not have a specific pKa value, as it is a complex chemical
compound and not a simple substance with a single acidic
functional group. Despite this, an average pKa value of 10.3 for
mancozeb has been considered*. It is well known that, the
adsorbent surface is positively charged at pH lower than its
PZC, and negatively charged at pH lower than its pzc. On
the other hand, the adsorbate exists in the cationic form at
pH lower than its pKa and anionic form at pH higher than its
pKa (Jankowska et al.”). Therefore, electrostatic attraction
between adsorbents and adsorbates tends to occur when the
charges are opposite, leading to the most effective removal
of pollutants. In order to estimate the sole pH effect in the
total removal efficiency. According to the literature, the pH
effect is negligible for most systems that have been tested.

3.6. Influence of contact time on the adsorption
performance of mancozeb

Due to the high removal efficiency observed when the
adsorbents were exposed to the mancozeb solution (300 mg/L),
a study of the adsorption kinetics of this pesticide was carried
out for contact times ranging from 0.5 to 44 hours. Figure 16
shows the influence of contact time on mancozeb removal
efficiency at pH 2, using the foams developed. The amount
of pesticide adsorbed increased with contact time and the
adsorption capacity rapidly increases during the first 1.0 h
of'the contact. This rapid initial adsorption can be attributed
to the immediate availability of active sites in the foams.
The highest values were reached in 24 h, subsequently the
adsorption capacity decreased until reaching saturation
(not shown). The order of maximum removal percentages
shown in Figure 16 might be affected by the average pore
size of the adsorvents’. Smaller pores can lead to higher
adsorption capacity due to increased surface area and stronger
interactions, such as in PU-CR with average pore size of
294 pm. Larger pores facilitate the diffusion, but have lower
surface area and weaker interactions, such as in PU-RHA
with average pore size of 806 pm. On the other hand, the
adsorption capacity of PU-REF, with average pore size of
656 um, presented an intermediary adsorption capacity.
Researchers* used biochar produced from neem chip for
removing mancozeb from wastewater. Fixing the contact
time at 24 h, they found 78.54% for removal percentage
(ci=300 mg-L-1 and pH=5.0). In the study, the highest values
can be observed for the maximal experiment time of 24 h,
which vary between 85% (PU- REF) and 98% (PU-CR).

Mechanical properties of the foams, such as compressive
strength and elasticity, are indeed crucial for practical
applications, particularly in ensuring the material’s integrity
during repeated adsorption—desorption cycles. Although
mechanical testing was not the focus of the present study, the
cyclic stress—strain curves provide an initial indication of the
foam’s elastic recovery ability. High mechanical stability is
essential to maintain adsorption performance over multiple
squeezing cycles, which directly impacts the reusability
and long-term applicability of the material”®. However, the

Materials Research
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Figure 16. Effect of contact time with initial concentrations
of 300 mg-L™" (and aqueous solution with pH 2) on mancozeb
removal efficiency.

primary objective of this work was to identify an efficient
and feasible adsorbent—adsorbate system. Future studies
will include reuse experiments and detailed mechanical
characterization to further assess the practical viability of
the proposed material. It is also worth noting that similar
studies in the literature focused on adsorption performance
without reporting mechanical test results’®"".

Although desorption and reusability experiments were
not the focus of this study, these aspects have been previously
investigated, with studies demonstrating that polyurethane
foam can be successfully regenerated and reused for at least
three adsorption—desorption cycles without significant loss
of performance or saturation'.

4. Conclusion

Bio-based polyurethane foams from castor oil with
petrochemical and agro-industrial waste were developed and
extensively characterized to be evaluated as adsorbents of
organic contaminants in natural waters. Scanning electron
microscopy and microtomography characterizations
demonstrated that the prepared adsorbents exhibit high
porosity and significant interconnectivity between pores,
which may favor the removal of organic contaminants in
water. The contact angle results indicated a hydrophobic
behavior of the foams and this behavior favors adsorption. Was
observed that the foams did not show significant adsorption
for the pesticide glyphosate and 2,4 - D, regardless of the pH
variations. At pH 2 and 300 mg/L, PU-RHA foams showed
lower mancozeb removal 62.5% (29.87 mg/g) compared to
PU-CR and the control foam (PU-REF) which reached 98%
(45.98 mg/g) and 85% (38.60 mg/g), respectively. These results
offer new perspectives for optimizing the adsorption of organic
contaminants in sustainable bio-based polyurethane foams,
comprises waste reduction, reuse and recycling promoting
advances in sustainability and the circular economy. The
feasibility of developing affordable and effective solutions
for water treatment can benefit communities, improve
public health and reduce costs associated with treating
contaminated water.
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