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Abstract
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Fiber extraction from Agave lechuguilla generates approximately 150,000 tons of guishe, a byproduct currently lacking
significant commercial value. The production of efficient and inexpensive biochar-adsorbents from guishe can potentially
solve the issue of arsenic-contaminated groundwater in Mexico, particularly in arid and semi-arid regions. In this report, the
synthesis of four iron-modified guishe biochars was presented. The adsorbents were characterized using various techniques,
and their performance as an adsorbent for arsenate was assessed by examining the impact of pH, kinetics, and adsorption
isotherms. The findings suggest that all biochars can effectively remove arsenic from aqueous solutions. According to
the Langmuir model, the maximum adsorption capacity of arsenic on iron-modified guishe biochar ranged from 2.67 to
21.70 mg g~!. The utilization of these adsorbents presents a potential alternative solution to the issue of arsenic-contaminated
water. Moreover, synthesizing these adsorbents involves using local waste material, representing a cost-effective and sustain-

able approach to waste management.
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Introduction

Ixtle extraction from Agave lechuguilla is a significant
economic activity for rural communities in arid and
semi-arid zones of Mexico. A. lechuguilla is a succulent
plant that wildly grows in some Mexican states (San Luis
Potosi, Coahuila, Nuevo Ledén, Zacatecas, Durango, and
Tamaulipas) (Kalan Kash 2009; Diaz-Jiménez et al. 2019).
However, the National Institute of Agricultural and Live-
stock Forestry Research (INIFAP) has proposed strategies
to enhance the productivity of this plant by implement-
ing systematic cultivation (Castillo-Quiroz, Cano-Pineda
and Berlanga-Reyes, 2012). While obtaining the ixtle, a
juicy and fibrous residue (guishe) is generated, burned,
or thrown in the open field, leading to contamination and
health problems (Diaz-Jiménez et al. 2019). Considering
that for every ton of ixtle, 5.66 tons of guishe are produced,
the generation of guishe reaches 150,000 tons annually
(Castillo-Quiroz, Cano-Pineda and Berlanga-Reyes, 2012;
Diaz-Jiménez et al. 2019); however, this amount is antici-
pated to rise five or seven times or 750,000 to 1,050,000
tons annually with the systematization of cultivation.

On the other side, it should be noted that groundwater
is the only permanent source of water supply in Mexico’s
arid and semi-arid zones, where high concentrations of As
have been detected. Osuna-Martinez et al. (2021) report
that the groundwater with the highest As concentration in
Mexico is found in San Luis Potosi (60 mg L~!). High con-
centrations of As have also been detected in drinking water
in Coahuila (0.408 mg LY, Durango (0.194 mg LY, San
Luis Potosi (0.169 mg L™'), Hidalgo (0.069 mg L~ and
Chihuahua (0.052 mg L") (Osuna-Martinez et al. 2021).
It is estimated that 8.81 million Mexicans are exposed
to water contaminated by As with a concentration above
0.010 mg L~! (Alarcén-Herrera et al. 2020). Furthermore,
crops cultivated using water with elevated arsenic levels
will possess this toxic element. Extended exposure to
elevated amounts of As can lead to the development of
cancer in various organs and tissues, particularly the skin,
bladder, liver, lung, and kidney (Armienta and Segovia
2008). In the arid states of northern and central Mexico,
13,070 new cases of cancer-related to As contamination
is expected (Alarcon-Herrera et al. 2020).

Several methods can tackle this issue, including adsorp-
tion, electrocoagulation, filtration, ion exchange, or chemi-
cal precipitation. Adsorption is notable for its simplicity
in operation and maintenance and its high efficiency, pri-
marily due to the abundance of adsorbents (Yadav et al.
2021, 2022). Given the urgency of addressing the issue
of As contamination in Mexico’s water, it is imperative
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to implement solutions using locally abundant resources,
such as guishe. This material is a lignocellulosic residue
with physicochemical characteristics that make it appro-
priate for generating adsorbents. Alcazar-Medina et al.
(2014) used guishe extracts to remove Cu(Il) in an aque-
ous solution by spherical agglomeration. This study found
that guishe extracts have greater removal effectiveness for
Cu(II) than sodium oleate. Romero-Gonzalez et al. (2006)
utilized guishe as an adsorbent for Cr(III). They proposed
that Cr(III) is adsorbed through the carboxyl groups found
on the surface of the guishe. Furthermore, Diaz et al.
(2019) suggest utilizing existing market technologies to
produce biochar using a biorefinery technique. This bio-
char can then be employed as an adsorbent.

Biochar is an up-and-coming alternative to conventional
adsorbents since it is inexpensive, has a large surface area,
contains many surface functional groups, and can be obtained
from abundant biomass (Hassan et al. 2020; Kamali et al.
2021). However, pristine biochar exhibits a deficient perfor-
mance in terms of As removal. Nevertheless, utilizing biochar
as a support makes using all the above attributes feasible. Sev-
eral investigations have focused on producing composite mate-
rials based on biochar and transition metals (Fe, Mn, Zn, Co,
Ni, among others) in metallic or oxide form (Srivastav et al.
2022; Zhang et al. 2022). However, iron (Fe) exhibits a more
remarkable ability to remove As, possesses minimal toxicity, is
cost-effective, and is more readily accessible (Li et al. 2021a;
Shaheen et al. 2022; Zhang et al. 2022). The incorporation of
Fe or iron salts on the biochar surface can be done by different
synthesis methods, including pre- or post-pyrolysis treatments
and co-pyrolysis (Hassan et al. 2020; Li et al. 2021b). Through
these methods, iron-modified biochars have been synthesized
from corn straw (He et al. 2018), switchgrass (Bakshi et al.
2018), and rice straw (Nguyen et al. 2019; Nham et al. 2019),
which have been applied to As adsorption. All of these resi-
dues possess a composition that resembles that of guishe, sug-
gesting the possibility of using guishe biochar to produce an
adsorbent modified with iron.

The main objective of this study was to produce iron-mod-
ified biochars using guishe as raw material and to analyze
the impact of the synthesis method on the physicochemical
properties and, consequently, the performance as an As(V)
adsorbent. This approach provides a solution to address the
issue of arsenic contamination in water and waste within the
same application areas of the adsorbents. The performance
of iron-modified guishe biochars was evaluated by studying
the effect of pH, kinetics, and adsorption isotherm. This study
was conducted at Cinvestav-Unidad Saltillo (Ramos Arizpe,
Mexico) during 2023.



International Journal of Environmental Science and Technology (2025) 22:9193-9208 9195

Materials and methods
Materials

The guishe was collected from the ixtle production
area of Ramos Arizpe, Coahuila, Mexico (25°51'40"N,
101°16'31"W). This material was dried at room temper-
ature for one week. It was then ground in a blade mill
(Restch SM100, Han, Germany) and sieved to obtain a
homogeneous particle size. The fraction retained between
meshes No. 20 and 40 synthesized the adsorbents. The
reagents used in this study were analytical or reagent
grade and supplied by Sigma Aldrich (except NaOH).
NaOH (99%) was Jalmek brand. The solutions used in the
adsorption experiments were prepared from a stock solu-
tion with an As(V) concentration of 1000 mg L~!, which
was made from Na,HAsO, 7H,0 (Sigma Aldrich, >98%)
and distilled water. 0.1 M HCI and 0.1 M NaOH were used
to adjust the pH of the solutions.

Synthesis of iron-modified guishe biochars (BGFe)

Four guishe biochars were produced using different meth-
ods to modify them with iron. The objective was to inves-
tigate the effect of the synthesis method on the adsorp-
tion capacity of the biochar (Fig. 1). A mass ratio of 0.18
Fe:guishe (or biochar) was used in all methods. The bio-
chars were identified as BGFeSX, where X indicates the
synthesis method.

Guishe Fe,(SO,),
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Mixing ] [ Mlxmg ] [ Pyron5|s ]
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Fig. 1 Diagram of the synthesis of BGFe using different methods

Preparation of BGFeS1

The synthesis of the BGFeS1 adsorbent was carried out
according to the previously reported method (Zhu et al.
2014; He et al. 2018), with some modifications. Firstly,
6.4 g Fe,(SO,); were dissolved in deionized water to pre-
pare 100 mL of 0.16 M Fe,(SO,);. Subsequently, 10 g guishe
were submerged into a 0.16 M Fe,(SO,); solution and stirred
at 500 rpm for 30 min. After this time, the mixture was cov-
ered and aged at room temperature for 24 h. Afterward, the
solids were separated by filtration, dried at 120 °C for 2 h,
and then subjected to slow pyrolysis.

Preparation of BGFeS2

The co-pyrolysis of guishe and Fe,(SO,); was performed
by adapting the method described in (Bakshi et al. 2018).
Briefly, 10 g of guishe and 6.4 g of Fe,(SO,); were mixed
mechanically until a homogeneous mixture of solids was
achieved. Subsequently, the mixture was introduced into the
tube oven to undergo a slow pyrolysis.

Preparation of BGFeS3

The BGFeS3 adsorbent was synthesized using a previously
described method (Wu et al. 2018) with some modifica-
tions. Initially, a solution was prepared by dissolving 6.4 g
Fe,(SO,); in deionized water to prepare 200 mL with a
0.08 M Fe,(SO,); concentration. After that, 10 g guishe
were submerged into 0.0.8 M Fe,(SO,); solution and stirred
at 300 rpm for 1 h. Subsequently, a 5 M NaOH solution was
added dropwise until the pH reached 10, and then the solu-
tion was stirred for an additional hour. After this time, the
solids were filtered and dried at 120 °C for 4 h. A process of
slow pyrolysis followed this.

Preparation of BGFeS4

The BGFeS4 adsorbent was synthesized following a
reported method (Navarathna et al. 2019) considering the
next modifications. In brief, slow pyrolysis initially gener-
ated guishe biochar (BG). Afterward, 10 g of BG was placed
into 200 mL of a 0.08 M Fe,(SO,); solution. The mixture
was then stirred at room temperature for 24 h at 120 rpm.
Subsequently, a 5 M NaOH solution was added dropwise
until the pH reached 10. The solution was then stirred for an
additional hour. After this time, the solids were separated
using filtration and subsequently dried at 120 °C for 4 h.
The synthesis of BGFe involved a slow pyrolysis stage in
a horizontal tubular furnace equipped with a quartz reactor
(Vichi HT-1100). The temperature for pyrolysis was set to
700 °C with a heating ramp of 6 °C per minute and a resi-
dence time of 1 h under a N, atmosphere. Then, the reactor
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was allowed to undergo a cooling process and reached a state
at which point the biochar could be extracted. Afterward,
the synthesized BGFe underwent many rinses with distilled
water until the pH of the rinse water was an approximate
pHof 7.

Biochar characterization

The elemental composition of biochar was determined using
two CHNS/O analyzers (Thermo Scientific FlashSmart and
LECO Corporation model CS230). The inorganic elements
were determined by AA and ICP spectrometers (Thermo
Scientific model ICE 3300 y Perkin Elmer model Optima
8300). FTIR spectra were obtained between 450 and
4000 cm~! using an FTIR spectrometer (PIKE Technolo-
gies Inc. model Frontier FT-IR/NIR) with a diamond crystal
attenuated total reflectance (ATR) accessory. The morphol-
ogy and surface were analyzed by scanning electron micros-
copy (SEM) combined with energy dispersion spectroscopy
(EDS) (Philips model XL-30 ESEM). The crystallinity of
biochars was identified by X-ray diffractometry (XRD)
(Malvern Panalytical model Empyrean). XRD patterns
were recorded with Cu-Ka radiation at 40 kV and 30 mA,
over the 20 range 10-80°. The point of zero charge PZC
was determined by the immersion method (Fiol and Vil-
laescusa 2009). Briefly, suspensions of adsorbent material
(1.25 g) were prepared with 0.01 M NaCl solution (50 mL).
The pH was adjusted to 4, 7, 9, and 11 using 0.1 M HCI
and 0.1 M NaOH before adding the adsorbent material. The
suspensions were agitated in an orbital incubator (Prendo,
INO-650 M) at 120 rpm for 48 h at 25 °C. After this time,
the pH of the supernatant liquid was measured with a pH
meter (Thermo Scientific, Orion Star A211), and calculated
the change in pH (ApH). The determination was performed
twice.

Batch adsorption studies
pH effect on As adsorption

The pH effect was assessed at pH 5, 7, and 9 because As-
contaminated groundwater is commonly seen within this
range (Esteller et al. 2017; Pérez-Martinez et al. 2021).
25 mg of adsorbent and 25 mL of a 10 mg L™' As(V) solu-
tion were placed in a 50 mL Erlenmeyer flask, which was
then placed in an orbital incubator (Prendo, INO-650 M)
maintained at 120 rpm and 25 °C for 24 h. 0.1 M NaOH
and 0.1 M HCI solutions were used to adjust the pH. The
experiment was performed three times. Once equilibrium
was reached, the solution was filtered, and 2 drops of con-
centrated HNO; were added to preserve it (ASTM 2015).
The remaining As (V) was determined by ICP-AES (Perkin
Elmer model OPTIMA 8300).

a
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The amount of As adsorbed was determined by the fol-
lowing equation:

V
9. = (Co - C.)— M

where g, is the amount of As adsorbed (mg g™) in the bio-
char at equilibrium; C, y C, represent the initial and equi-
librium concentration of As (mg L") in solution, respec-
tively; V (L)is the volume of the solution and y m the mass
of adsorbent (g).

Adsorption kinetics

The kinetic study was done by adding 125 mg of adsor-
bent to 125 mL of a 5 mg L™ As(V) solution at pH 7. The
samples were placed in an orbital incubator and agitated at
120 rpm at 25 °C. At 1, 10, 30, 60, 120, 180, 240, 360, 720,
1440, and 1800 min was taking out an aliquot to measure the
remaining As(V) concentration by ICP-AES. The amount
of As adsorbed was calculated by Eq. (1). Kinetic data were
fitted to pseudo-first-order (PS-1, Eq. (2)), pseudo-second-
order (PS-2, Eq. (3)), and Elovich (E, Eq. (4)) models.

q=q.(1-e™) ©)
_ KZ('Iezt
1= 1+ K,q,t )
1
q= Eln(aﬂt +1) 4)

where gy g, is the adsorption capacity (mg g~') at any time
and equilibrium, K, y K, are the rate constant for PS-1 (h™")
y PS-2 (g mg~'h™!) models, respectively. In the E model E,
a (h™1) is the initial adsorption rate, and f (g mg_l) is the
desorption constant. While ¢ is time (h).

Adsorption isotherms

The maximum adsorption capacity of BGFe was determined
using a batch equilibration method. A 25 mg of adsorbent
was added to a 50 mL Erlenmeyer flask with 25 mL of differ-
ent As (V) initial concentrations (1, 5, 10, 15, 35, and 55 mg
L~"). The pH of the solutions was adjusted to 7 using solu-
tions of 0.1 M NaOH and 0.1 M HCI. The experimental data
were fitted to the Langmuir (5) and Freundlich (6) models.

_ QmKLCe
=11k, )

where ¢, (mg g~!) is the maximum adsorption capacity and
K, (L mg~") is the ratio between the rate of adsorption and
desorption.
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1
q. = KzCJn (©6)

where K (L'" mg!~!" g=1) y n are constants.

Results and discussion
Biochar characterization
Elemental composition

Elemental analysis of G, BG, and BGFe (Table 1) showed
that the H/C and O/C ratios are higher in G compared to
BG and BGFe. This behavior is because dehydration and
decomposition reactions of organic compounds occur during
pyrolysis (Xiao et al. 2018). The high concentration of Ca
(6.61%) in G is proportional to the amount of calcium oxa-
late (CaC,0,) present in the A. lechuguilla Torrey (Figueroa-
Diaz, Carlos-Hernandez and Diaz-Jiménez, 2021). BG and
BGFe have a higher Ca/C ratio than G due to the thermal
decomposition of CaC,0, to calcium compounds, such as
CaCO;, CaO, and Ca(OH),, during the pyrolysis process
(Figueroa-Diaz, Carlos-Hernandez and Diaz-Jiménez, 2021;
Gonzalez Garcia et al. 2022). The fact that guishe biochar
contains Ca from the precursor represents an advantage
compared to biochar synthesized by external addition of Ca,
such as those synthesized in (Wu et al. 2018).

On the other hand, the Fe concentration of BGFe is
greater than BG, which suggests that the four synthesis
methods performed in this research are feasible to produce
Fe-modified biochar with the capacity to adsorb As. In addi-
tion, the difference in Fe and S contents among the BGFe is
mainly due to the synthesis method since the same amount
of Fe,(SO,); was used in each one. The lower S content on
BGFeS3 and BGFeS4, is an example of the effect of the
synthesis method, which includes a step where the dissolved
Fe is precipitated by the addition of NaOH, resulting in the
formation of Na,SO,. Consequently, a substantial amount of
sulfur stays in solution (as SO4 ~2) and is eliminated during
filtration.

Finally, BGFeS1, BGFeS2, and BGFeS3 have higher Fe
concentration and O/C ratios than BG and BGFeS4. This

trend implies that BGFeS1, BGFeS2, and BGFeS3 could
have a higher fraction of iron oxides (He et al. 2018). The
iron content in biochar could be directly related to its capac-
ity to adsorb As, as stated in different reports (Xi et al. 2021;
Xu et al. 2021).

XRD

Figure 2a shows the diffractograms of BG and BGFe. The
X-ray diffraction (XRD) spectrum of BG indicates the
presence of calcite (CaCOs;), quartz (Si0O,), and portland-
ite (Ca(OH),) (PDF 005-0586, 033-1161 and 044-1481,
respectively). The presence of calcium compounds, such as
CaCO;, Ca(OH),, and CaO, is an inherent characteristic of
guishe biochar (Figueroa-Diaz, Carlos-Hernandez and Diaz-
Jiménez, 2021; Gonzalez Garcia et al. 2022). It has shown
that CaCOj; can provide additional adsorption sites for As,
which improves the capacity of biochar to adsorb this pollut-
ant (Roman-Ross et al. 2006; Shah et al. 2022). In addition,
CaCO; has a buffering capacity and acts as a pH regulator
(Wu et al. 2018; Xu et al. 2021). The presence of this com-
pound in guishe biochar provides a distinct advantage over
other adsorbents. This inherent characteristic may allow the
use of these adsorbents in acidic conditions since CaCOs
neutralizes the pH during the adsorption (Wu et al. 2018).
BGFeS1 and BGFeS4 show characteristic peaks of anhy-
drous and hydrated sulfate. BGFeS1 contains anhydrite
(CaSO,, PDF 037-1496) and basanite (CaSO,0.5H,0, PDF
033-0310), whereas BGFeS4 comprises Ca(SO,)(H,0)0.5
(PDF 01-083-0438). Both syntheses need an aging stage
in which G or BG is immersed in a Fe,(SO,); solution for
24 h. During this period, it is feasible that dissolved iron
(Fe) was substituted with calcium (Ca) in G or BG, forming
the calcium sulfates mentioned above. Calcium sulfates can
remove As from water by substituting sulfate ions or co-pre-
cipitation (Chen et al. 2013; Jia et al. 2020). However, this
is only possible at specific temperature and pH conditions.
Chen et al. (2013) reported that using anhydrous CaSO, as
an adsorbent can achieve 95.97% As(V) removal at pH 12.5.
Jia et al. (2020) determined that As(V) ions replace sulfate
ions in CaS0,-0.5H,0 at 95 °C and pH 7.3. Furthermore,
in BGFeS1, the presence of Fe is observed in the form of
hematite (Fe,05) and magnetite (Fe;O,) (PDF 033-0664 and

Table 1 Elemental content and

: Material C (%) H(®) O®%) N@%) S®%) Ca(%) Fe(%) HIC 0O/C CalC
mass H/C, O/C, Ca/C ratios of
G, BG, and, BGFe G 3439 4827 3284 1.047  0.048 661 0.205 0.140 00955 0.192
BG 4747 187 1653 2406 002 124 0.192 0.039 0348 0.261
BGFeS1 30.54 0.889 1679 0573 175 809 21.03 0.029 0550 0.265
BGFeS2 2837 0831 1539 0535 148 6.21 2607 0029 0.542 0219
BGFeS3 3044 1.045 1537 0571 305 7.19 3351 0034 0505 0236
BGFeS4 45.17 1595 1725 1085 282 930 6.48 0035 0382 0206
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Fig.2 a Diffractograms and b FTIR spectra of BG and BGFe

019-0629, respectively). However, in BGFeS4, no distinct
crystalline phase consisting of Fe was detected. Neverthe-
less, BGFeS4 comprises 6% of Fe (as indicated in Table 1),
which may potentially exist in amorphous forms. Fe in crys-
talline and amorphous forms can remove As(V) from water
(Xu et al. 2021). Zhang et al. (2019b) synthesized two types
of Fe-modified rice straw biochars: one containing amor-
phous Fe phases and the other hematite. Both types demon-
strated the ability to remove As(V) from water.

On the other hand, the BGFeS2 diffractogram revealed
the presence of magnetite (Fe;O,) and calcite (CaCO;)
using PDF 019-0629 and PDF 005-0586, respectively.
The synthesis of BGFeS2 involved the dry mixing and
subsequent pyrolysis of G, and Fe,(SO,);. During this
procedure, G undergoes thermal decomposition through
various reactions, producing biochar and gases, including
CO and CH, (Sharma et al. 2015). Furthermore, Fe,(SO,),
undergoes thermal decomposition according to reaction
(7) (Zboril et al. 2003; Petkova and Pelovski 2008). Conse-
quently, the gases generated during pyrolysis and carboni-
zation can cause the reduction of Fe,O; to Fe;O, (Zboril
et al. 2003). The release of SO, during the synthesis of
BGFeS2 could cause corrosion of the pyrolysis equipment
(Ruhl and Kranzmann 2013). This aspect should be con-
sidered if this method is chosen to produce absorbents.

A
Fe,(S0,), — Fe,05 +3S0, + 30 7
N, 2 2

Finally, the XRD spectrum of BGFeS3 revealed the
existence of calcite (CaCO;, PDF 005-0586), magnet-
ite (Fe;0,, PDF 019-0629), and metallic iron (Fe’, PDF

w @ Springer
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006-0696). The synthesis of BGFeS3 involved conducting
the precipitation reaction (8) as the initial step, wherein
Fe(OH); was deposited onto the surface of the G. During
the subsequent drying stage, this compound was trans-
formed according to reaction (9). Ultimately, in the pyroly-
sis process, Fe,0; experienced a reduction to Fe;0, and
Fe.

Fe,(50,), + 6NaOH — 2Fe(OH); + 3Na,S0, ®)

2Fe(OH); i Fe, 05 +3H,0 C))

The presence of magnetite and Fe® can increase the
adsorption capacity of arsenic (As) on BGFeS3. It has been
shown that the adsorption of As(V) by iron oxides and
metallic iron is enhanced when both are combined and sup-
ported on materials such as biochar. For example, a bio-
char-supported nZVI/maghemite with an As(V) adsorption
capacity of 124.5 mg g~' was synthesized by Wang et al.
(2017).

FTIR

Figure 2b shows the FT-IR spectra of BG and BGFe. The
bands at 2919 and 2850 cm™! are associated with asym-
metric and symmetric C—H stretching, of the aliphatic
groups contained in biochar (Zhang et al. 2020). The band
at 871 cm™! may indicate bending stresses outside the C-H
plane in aromatic compounds (Chen et al. 2008; Scheller
and Ulvskov 2010). Conversely, the bands seen at 1411, 871,
and 718 cm™! are associated with the asymmetric stretch-
ing and bending vibrations occurring beyond the O-C-O
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plane. These vibrations are specific to calcite (CaCO;) (Hajji
et al. 2017) and are more prominent in BG and BGFeS3.
The bands observed at 1145 and 1090 cm™' in BGFeS1 and
BGFeS4 can be attributed to the asymmetric and symmetric
vibrations resulting from the stretching of the SO, tetrahe-
drons (Liu 2018). The bands observed at 660 and 595 cm™!
indicate the asymmetric bending vibrations of SO, ions (Liu
2018). These vibrations are typically found in hydrated cal-
cium sulfate compounds such as basanite (CaSO4+0.5H,0)
(Nosov et al. 1976). In addition, it has been reported that
signals in the range of 620 to 560 cm™' typically corre-
spond to stretching and bending of the M—O bond of metal
oxides, such as calcite (CaCO;) (Hajji et al. 2017), magnetite
(Fe;0,) and hematite (Fe,O5) (Namduri and Nasrazadani
2008; Wan et al. 2020). These results were consistent with
those obtained by XRD analysis (Fig. 2a).

SEM

The micrograph of BGFeS1 (Fig. 3a) shows the presence
of needle-shaped particles distributed over a portion of the
biochar surface. The morphologies observed in the crystals
are typical of anhydrite (CaSO,) (Mahmoud et al. 2004;
Chen et al. 2013), as validated by elemental mapping using
EDS (Fig. 3e). The analysis showed that the needles are
mainly composed of calcium (Ca), oxygen (O), and sulfur
(S). In addition, the mapping in Fig. 3e demonstrates that
the distribution of Fe is uniform over both the anhydrite
(needle-shaped crystals) and biochar surface. This distribu-
tion will enhance the interaction between As(V) and the Fe
contained in BGFeS1.

Figure 3b illustrates that BGFeS2 is a mixture of biochar
particles (red oval) and particles in the form of smooth and
rough hollow spheres (whole or in fragments). The shape of
smooth hollow spheres is characteristic of ash with calcium
(Zhang et al. 2019a), whereas rough spheres indicate ash
with iron oxide (Derkowski et al. 2007). At a magnifica-
tion of 1000x, the BGFeS2 particle has a smoother surface
compared to the other BGFe. EDS elemental mapping in
this zone (Fig. 3f) shows that Fe is concentrated mainly in
the regions where ash fragments are found. This observation
suggests that mechanically dry mixing guishe and Fe,(SO,);
before pyrolysis is insufficient to deposit Fe within the bio-
char pores. In contrast, Fe deposition occurs when the raw
materials are mixed in a stirring medium, and ultrasound is
used (Wang et al. 2015; Bakshi et al. 2018).

The micrograph of BGFeS3 (Fig. 3c) reveals that the
biochar surface is entirely enveloped by variously shaped
and sized aggregates, indicating a greater specific area. Fig-
ure 3g, shows that Fe is predominantly distributed across
the surface, except for the Ca particles. In addition, the color
is more pronounced in certain areas, indicating a greater
iron concentration (Fe). This configuration will enhance the

interaction between the As(V) dissolved in the solution and
the Fe contained in BGFeS3. In addition, when iron (Fe)
is not present, calcium (Ca) is found in the form of calcite
(Fig. 3g), which is known to have the ability to remove arse-
nic (As) from water (Roman-Ross et al. 2006; Shah et al.
2022).

Finally, Fig. 3d shows that the surface of BGFeS4 is
coated with clusters of comparable form and size. EDS
elemental mapping (Fig. 3h) verifies the existence of iron
(Fe) in BGFe4 (Table 1), which is uniformly distributed on
the biochar surface. The effectiveness of the active sites is
not hindered by the presence of Fe in amorphous phases
(Fig. 2a). The biochar surface contains dispersed active sites
that facilitate the interaction between arsenic (As) in solution
and iron (Fe), thereby enhancing As removal.

PzC

Figure 4a shows the PZC of the BG and BGFe. The alkaline
PZC of the adsorbents is mainly attributed to the existence
of calcium compounds, which were identified through XRD
analysis (Fig. 2a). Nevertheless, all BGFe materials exhibit
a lower PZC compared to BG, primarily due to the pres-
ence of hematite (PZC =8.1(Mamindy-Pajany et al. 2011))
and magnetite (PZC=6.40 (Mamindy-Pajany et al. 2011))
deposited on their surface. The PZC of iron-modified bio-
chars derived from bamboo (Alchouron et al. 2020) and
grape seeds (Fristak et al. 2018) decreased compared to the
PZC of unmodified biochars.

When the pH is lower than the PZC, the surface of the
adsorbent becomes positively charged due to protonation.
This positive charge attracts anions and repels cations. On
the other hand, if the pH is higher than the PZC), the sur-
face of the adsorbent becomes coated with hydroxyl groups,
leading to a negative charge that draws in cations and pushes
away anions (Hassan et al. 2020). Groundwater typically has
a pH range of 5 to 9 (Esteller et al. 2017; Pérez-Martinez
et al. 2021). This pH range facilitates the adsorption of
As(V) by electrostatic interactions, with the following order
of ease: BGFeS3 > BGFeS1 > BGFeS4 > BGFeS2. Never-
theless, in addition to electrostatic forces, other factors influ-
ence the adsorption process, such as the amount of iron (Xi
et al. 2021; Xu et al. 2021) and the degree of crystallinity of
the iron compounds present in the biochar (Xu et al. 2021).

Batch adsorption studies using the four BGFe

pH effect on As adsorption

The relationship between the pH of the solution and the
As(V) adsorption capacity of the BGFe is illustrated in

Fig. 4b. The effect of pH was studied in a pH range of 5 to 9,
encompassing the pH levels typically found in groundwater.
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The adsorption capacity of all BGFe samples was higher at
pH 5. This is because acidic conditions cause H* ions to
saturate the surface of the BGFe, thereby rendering it posi-
tively charged. This results in an enhanced the adsorption of
As(V) anions through electrostatic interactions (Hassan et al.
2020). Conversely, an increase in pH to 7 led to a notable
reduction in the adsorption capacity of all BGFe samples. At
pH 9, the adsorption capacity exhibited minimal variation
compared to that observed at pH 7. A comparable trend was
evident in the adsorption of As(V) on biochar supported by
nZVI (Wang et al. 2017), magnetite-modified water hyacinth
biochar (Zhang et al. 2016), and iron-impregnated banana
pith biochar (Lata et al. 2019). The decrease in adsorption
capacity with the increasing pH of the solution can be attrib-
uted to two factors. Firstly, the presence of H,AsO,~ and
HAsO,>~ anions, which are likely to be found in the pH
range of 5 to 9, compete with OH™ for the active sites of the
adsorbent as the pH of the solution increases (Zhang et al.
2016). Lately, the surface of the adsorbent has become more
negative, which repels H,AsO,~ and HAsO,>~ anions.

Adsorption kinetics

Figure 5 shows the kinetics of As adsorption by BGFe.
According to the findings, after 30 min BGFeS2 exhibited
the highest As removal rate (1.30 mg g~!), followed by
BGFeS1, BGFeS4, and BGFeS3. This finding could be due
to the greater availability of magnetite as it is less trapped
in BGFeS2 pores (as observed in SEM, Fig. 3b), which
allows for faster interaction with As. After 24 h, when
equilibrium was achieved, BGFeS3 exhibited the highest
adsorption capacity of 3.21 mg g~!. It was followed by

BGFeS1, BGFeS2, and BGFeS4, with adsorption capaci-
ties of 3.06, 2.94, and 2.07 mg g~!, respectively.

In Table 2, the parameters of fitting the kinetics of
As adsorption on BGFe to the pseudo-first-order (PS-
1), pseudo-second-order (PS-2), and Elovich (E) models
were presented. The E model is the most appropriate for
representing the kinetics of As adsorption on BGFeS1,
BGFeS2, and BGFeS4. This model postulates that the acti-
vation energy rises in proportion to the duration of adsorp-
tion and that the surface of the adsorbent is heterogeneous
(Aharoni and Tompkins 1970), a finding that aligns with
the SEM results. While the E model was initially created
to explain the chemisorption of a gas in a solid material
(Aharoni and Tompkins 1970), it has been more com-
monly employed to depict adsorption in liquid—solid sys-
tems (Wang and Guo 2020; Kushwaha et al. 2023). Previ-
ous research has demonstrated that the E model adequately
describes the adsorption kinetics of As(V) in pinewood
biochar modified with natural hematite (Wang et al. 2015)
and in modified coffee husk and corn stover biochars with
7ZnO (Cruz et al. 2020).

On the other hand, the PS-1 model accurately represents
the kinetics of As adsorption in BGFeS3 (Rzadj =0.9922).
This model also elucidates chemisorption processes
derived from Langmuir's kinetic model. The PS-1 model
states that the diffusion of the adsorbate, whether exter-
nal or internal, is the step that limits the process (Wang
and Guo 2020). According to reports, the PS-1 model is
more suitable for adsorbing As(V) on biochar derived from
green algae (Senthilkumar et al. 2020) and biochar doped
with N and modified with Fe;O, (Ali et al. 2022) com-
pared to the PS-2 model.
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Table 2 Kinetic models and best-fit parameters for As(V) adsorption
onto BGFe

BGFeS1  BGFeS2  BGFeS3  BGFeS4

PS-1

g (mg g™ 2.9221 25107 3.3418 2.0319
K,(h™ 0.2437 04528  0.1462 0.3225
R, 0.8838 0.5691 0.9922 0.9289
PS-2

g, (mgg™ 3.3014 25939  4.2099 2.2501
Ky(gmg~'h™)  0.0957 0.3769 0.0327 0.1983
R, 0.9128 0.7203  0.9865 0.9508
Elovich

ath™) 2.5753 15.4761 0.7530 2.6909
p(g mg™h) 1.5760 2.6409  0.8729 24182
R? 0.9439 0.9050  0.9782 0.9621

adj

bold values remark the best fitting to some of the proposed models for
the kinetic study

w @ Springer

Adsorption isotherms

The relationship between equilibrium As concentration
and As adsorption capacity is presented in Fig. 6. The
experimental data was described using the Langmuir and
Freundlich models. The Langmuir model suggests that
adsorption occurs in a monolayer with uniformly distrib-
uted adsorption sites, constant adsorption energy, and
negligible interaction between adsorbate molecules (Lang-
muir 1918). The Freundlich model is an empirical model
employed to depict the process of multilayer adsorption
on heterogeneous surfaces (Freundlich 1907). The com-
puted parameters of each model are displayed in Table 3.
The Langmuir model demonstrates the highest correlation
coefficient (Rzadj), providing the most accurate fit to the
experimental data. These results suggest that the adsorp-
tion of As on the BGFe surface occurs in a monolayer. The
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Table 3 Isotherms models and best-fit parameters for As(V) adsorp-
tion onto BGFe

BGFeSI BGFeS2 BGFeS3 BGFeS4
Langmuir
g,(mg g™ 7.251 6.568 21.70 2.674
K, (L mg™) 02323 0.3311 0.1079  19.2793
R%; 0.9863  0.9861 0.9904  0.9911
Freundlich
Kp(L'""mg!'~1m g~y 2339 2.535 3.503 1.888
N 3.461 4.024 2.202 8.179
R? 0.9501  0.9496 0.9652  0.9707

adj
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Langmuir model also showed a better fit than Freundlich
for As adsorption on iron-modified biochar (Nguyen et al.
2019; Nham et al. 2019), zero-valent iron-biochar (Wang
et al. 2017; Bakshi et al. 2018), magnetic biochar (Zhang
et al. 2013; Wang et al. 2015), and iron-impregnated bio-
char (He et al. 2018; Lata et al. 2019).

According to Langmuir, the maximum adsorption capaci-
ties were 21.70, 7.251, 6.568, and 2.674 mg g_1 for BGFeS3,
BGFeS1, BGFeS2, and BGFeS4, respectively. BGFeS3 has
the highest maximum adsorption capacity, while BGFe4
has the lowest. This suggests that the adsorption capacity
can be directly related to the Fe content in each biochar,
since BGFeS3 has the highest Fe content and BGFe4 has

w @ Springer
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the lowest (Table 1). However, the relationship between iron
content and maximum adsorption capacity is not directly
proportional. For example, BGFeS2 contains 22% less
Fe than BGFeS3, but its maximum adsorption capacity
decreases by 69% compared to BGFeS3. This suggests that
other factors influence the adsorption capacity besides the
Fe content.

The fact that BGFeS3 has the highest maximum adsorp-
tion capacity may be because the iron present in this material
is in the form of Fe;O, and Fe'. These iron phases may act in
synergy, as reported in (Zubair et al. 2020). While calcium
sulfates are present in BGFeS2 and BGFeS4, which could
adsorb As. However, for calcium sulfates to perform well
as adsorbents, the adsorption process must occur at pH > 7.
Further testing is needed to confirm these hypotheses.

Comparison with other jron-modified biochars
Table 4 presents a comparative analysis of BGFe and
other iron-modified biochars, all of which underwent

slow pyrolysis in a nitrogen atmosphere. The iron modi-
fication was achieved through impregnation, co-pyrolysis,

Table 4 As(V) adsorption comparison with other studies

or precipitation deposition, allowing for a comprehensive
evaluation of BGFe synthesized using analogous methods.

According to Table 4, the four BGFs have As(V)
adsorption capacities within the range reported in the
literature for iron-modified biochars from lignocellu-
losic wastes. It is noteworthy that BGFeS3 has a higher
maximum adsorption capacity than water hyacinth
(Zhang et al. 2016), switchgrass, and red oak biochars
(Bakshi et al. 2018), which contain about 40% more iron.
Conversely, the adsorption capacity of BGFeS3 seems
to be inferior compared to biochar derived from bam-
boo (Alchouron et al. 2020) and pinewood (Wang et al.
2017). The reason for this may be the presence of SiO,
in the former, while in the latter, the adsorption capacity
was determined at a pH of 4.1. However, the maximum
adsorption capacity of BGFeS3 is predicted to increase
under acidic conditions (Fig. 4b). In addition, the CaCO,
present in BGFeS3 is expected to regulate the pH of the
water, eliminating the need for external pH modifiers.
Future research is required to verify this.

Iron-modified Fe Iron phases Adsorption conditions Quax (Mg g71)  References
biochar from content —
(%mass) pH Tem- (?oncentra- Adsqrbent/ Egmllb-
perature tion (mg solution (g rium time
O L™ L™ (h)
Banana peel NR ND 6.5 25 0.05-0.5 2.5 8 0.12 (Lata et al. 2019)
Pinewood 2.95 Maghemite 7 22 1-60 2.5 20 0.4287 (Wang et al. 2015)
Guishe 6.48 ND 25 1-55 1 24 2.67 This study
(BGFeS4)
Cottonwood 52.01 Maghemite NR 22 5-200 2 24 3.147 (Zhang et al. 2013)
Guishe 26.07 Magnetite 7 25 1-55 1 24 6.56 This study
(BGFeS2)
Corn straw 6.05 Hematite Mag- 7 NR 0.25-100 5 48 6.8 (He et al. 2018)
netite
Guishe 21.03 Hematite Mag- 7 25 1-55 1 24 7.25 This study
(BGFeS1) netite
Water hyacinth 54.56 Magnetite 53 25 2-105 NR 24 7.41 (Zhang et al. 2016)
Switchgrass 55.72 ZV1 21.5 1-25 1 48 7.92 (Bakshi et al. 2018)
Pomelo peel NR NR 7 30 0.05-20 1 24 15.28 (Nguyen et al.
2022)
Red oak 56.64 ZV1 7 215 1-25 1 48 15.58 (Bakshi et al. 2018)
Guishe 33.51 Magnetite ZVI 25 1-55 1 24 21.70 This study
(BGFeS3)
Bamboo culms 17.9 Hematite Mag- 7 25 2.5-1000 2 2 90 (Alchouron et al.
netite 2020)
Pinewood 10.5 ZVI Maghemite 4.1 22 0-400 2 2 124.5 (Wang et al. 2017)

NR = Not reported; ND =Not determined.
data in bold corresponds with the results obtained in this study, which are being compared with data of other studies

]
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Conclusion

It has been demonstrated that Fe-modified biochars can be
prepared from guishe (bagasse from Agave lechuguilla) by
practical synthesis methods, all capable of removing As(V)
from water. According to the findings of the kinetic and iso-
therms investigation, the adsorption of As(V) on biochars
takes place primarily on a monolayer. The maximum adsorp-
tion capacities of As(V) on BGFeS1, BGFeS2, BGFeS3, and
BGFeS4 were 7.25, 6.56, 21.70, and 2.67 mg g", respec-
tively, at 25 °C and pH 7. These adsorbents, derived from
abundant and locally sourced waste material, represent a
notable advance in sustainability by reducing both the eco-
nomic and environmental costs associated with material
transportation. The simplicity of the synthesis methods not
only suggests the feasibility of industrial-scale production
but also underscores the potential for large-scale applica-
tion. Nevertheless, further research is needed to optimize
feedstock and energy utilization and understand the As(V)
adsorption mechanism on guishe biochar. This deeper under-
standing will enable the refinement of remediation strate-
gies, thereby establishing this approach as an effective and
sustainable solution to arsenic contamination in water.

Acknowledgements This work was supported by Secretaria de Edu-
cacién Pablica, México, through PRODEP project (grant number
IDCA-30864). Thanks are due to Consejo Nacional de Humanidades,
Ciencia y Tecnologia (CONHACYT) for the scholarship 803701.
We thank Socorro Garcia Guillermo for the support by the chemical
analyses.

Author contributions Ana Paloma Gonzilez Garcia: Conceptualiza-
tion, Formal Analysis, Data curation, Methodology, Writing — Original
draft; Salvador Carlos Hernandez: Validation, Supervision, Writing —
Review and Editing; Lourdes Diaz Jiménez: Conceptualization, Fund-
ing acquisition, Supervision, Resources, Writing — Review and Editing.

Data availability The data that support the findings of this study are
available from the corresponding author, LDJ, upon reasonable request.

Declarations

Conflict of interests The authors have no relevant financial or non-
financial interests to disclose.

Human or animal participants This article does not contain any studies
with human participants or animals performed by any of the authors.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in

the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Aharoni, C. and Tompkins, F. C. (1970) Kinetics of Adsorption and
Desorption and the Elovich Equation, in Eley, D.D., Pines, H.
and Weisz, P.B. (eds.) Advances in Catalysis: Academic Press,
pp. 1-49.

Alarcén-Herrera MT, Martin-Alarcon DA, Gutiérrez M, Reynoso-Cue-
vas L, Martin-Dominguez A, Olmos-Marquez MA, Bundschuh
J (2020) Co-occurrence, possible origin, and health-risk assess-
ment of arsenic and fluoride in drinking water sources in Mexico:
Geographical data visualization. Sci Total Environ 698:134168.
https://doi.org/10.1016/j.scitotenv.2019.134168

Alcazar-Medina F, Proal-Najera J, Gallardo-Velazquez T, Chairez-
Hernéandez I, Antileo-Hernandez C, Alvarado-de la Pefia A (2014)
Application of lechuguilla (Agave lechuguilla Torr.) extracts for
copper (II) removal from water models by spherical agglomera-
tion. Rev Mex Ing Quim 13:605-617

Alchouron J, Navarathna C, Chludil HD, Dewage NB, Perez F, Hassan
EB, Pittman CU Jr, Vega AS, Mlsna TE (2020) Assessing South
American Guadua chacoensis bamboo biochar and Fe304 nano-
particle dispersed analogues for aqueous arsenic(V) remediation.
Sci Total Environ 706:135943. https://doi.org/10.1016/j.scitotenv.
2019.135943

Ali H, Ahmed S, Hsini A, Kizito S, Naciri Y, Djellabi R, Abid M,
Raza W, Hassan N, Rehman SU (2022) Efficiency of a novel
nitrogen-doped Fe;O, impregnated biochar (N/Fe;0,@BC) for
arsenic (III and V) removal from aqueous solution: Insight into
mechanistic understanding and reusability potential. Arab J Chem
15(11):104209. https://doi.org/10.1016/j.arabjc.2022.104209

Armienta MA, Segovia N (2008) Arsenic and fluoride in the groundwa-
ter of Mexico. Environ Geochem Health 30(4):345-353. https://
doi.org/10.1007/s10653-008-9167-8

ASTM (2015) ASTM D2972-15: Standard Test Methods for Arsenic
in Water: American Society for Testing and Materials.

Bakshi S, Banik C, Rathke SJ, Laird DA (2018) Arsenic sorption on
zero-valent iron-biochar complexes. Water Res 137:153-163.
https://doi.org/10.1016/j.watres.2018.03.021

Castillo-Quiroz, D., Cano-Pineda, A. and Berlanga-Reyes, C. A.
(2012) Establecimiento y aprovechamiento de lechuguilla (Agave
lechuguilla Torr.) Jalisco, México: Comisién Nacional Forestal-
Instituto Nacional de Investigaciones Forestales, Agricolas y
Pecuarias.

Chen B, Zhou D, Zhu L (2008) Transitional adsorption and partition
of nonpolar and polar aromatic contaminants by biochars of pine
needles with different pyrolytic temperatures. Environ Sci Technol
42(14):5137-5143. https://doi.org/10.1021/es8002684

Chen XJ, Yang LC, Zhang JF, Huang Y (2013) Preparation of calcium
sulfate anhydrate whisker and a primary investigation of its arse-
nic removal performance. Adv Mater Res 690-693:1013-1019.
https://doi.org/10.4028/www.scientific.net/ AMR.690-693.1013

Cruz GJF, Mondal D, Rimaycuna J, Soukup K, Gémez MM, Solis JL,
Lang J (2020) Agrowaste derived biochars impregnated with ZnO
for removal of arsenic and lead in water. J Environ Chem Eng
8(3):103800. https://doi.org/10.1016/j.jece.2020.103800

Derkowski A, Franus W, Waniak-Nowicka H, Czimerova A (2007)
Textural properties vs. CEC and EGME retention of Na—X zeolite

(]
’r @ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.scitotenv.2019.134168
https://doi.org/10.1016/j.scitotenv.2019.135943
https://doi.org/10.1016/j.scitotenv.2019.135943
https://doi.org/10.1016/j.arabjc.2022.104209
https://doi.org/10.1007/s10653-008-9167-8
https://doi.org/10.1007/s10653-008-9167-8
https://doi.org/10.1016/j.watres.2018.03.021
https://doi.org/10.1021/es8002684
https://doi.org/10.4028/www.scientific.net/AMR.690-693.1013
https://doi.org/10.1016/j.jece.2020.103800

9206 International Journal of Environmental Science and Technology (2025) 22:9193-9208

prepared from fly ash at room temperature. Int J Miner Process
82(2):57-68. https://doi.org/10.1016/j.minpro.2006.10.001

Diaz-Jiménez L, Carlos-Hernandez S, Jasso de Rodriguez D, Rod-
riguez-Garcia R (2019) Conceptualization of a biorefinery for
guishe revalorization. Ind Crop Prod 138:111441. https://doi.org/
10.1016/j.indcrop.2019.06.004

Esteller MV, Kondratenko N, Expésito JL, Medina M, Martin del
Campo MA (2017) Hydrogeochemical characteristics of a vol-
canic-sedimentary aquifer with special emphasis on Fe and Mn
content: a case study in Mexico. J] Geochem Explor 180:113-126.
https://doi.org/10.1016/j.gexplo.2017.06.002

Figueroa-Diaz AB, Carlos-Hernandez S, Diaz-Jiménez L (2021) Crude
glycerol/guishe based catalysts for biodiesel production: conform-
ing a guishe biorefinery. Catalysts. https://doi.org/10.3390/catal
11010003

Fiol N, Villaescusa I (2009) Determination of sorbent point zero
charge: usefulness in sorption studies. Environ Chem Lett
7(1):79-84. https://doi.org/10.1007/s10311-008-0139-0

Freundlich H (1907) Uber die adsorption in Losungen. Z Phys Chem
57U:385-470

Fristak V, Moreno-Jimenéz E, Fresno T, Diaz E (2018) Effect of phys-
ical and chemical activation on arsenic sorption separation by
grape seeds-derived biochar. Separations 5(4):59. https://doi.org/
10.3390/separations5040059

Gonzalez Garcia AP, Figueroa Diaz AB, Carlos Hernidndez S, Padma-
das PK, Diaz Jiménez L (2022) Guishe biochar as heterogeneous
catalyst for biodiesel production: synthesis and transesterification
modeling. React Kinet Mech Catal 135(5):2643-2661. https://doi.
org/10.1016/j.rser.2016.12.008

Hajji S, Turki T, Boubakri A, Amor MB, Mzoughi N (2017) Study of
cadmium adsorption onto calcite using full factorial experiment
design. Desalin Water Treat 83:222-233. https://doi.org/10.5004/
dwt.2017.21079

Hassan M, Naidu R, Du J, Liu Y, Qi F (2020) Critical review of mag-
netic biosorbents: Their preparation, application, and regeneration
for wastewater treatment. Sci Total Environ 702:134893. https://
doi.org/10.1016/j.scitotenv.2019.134893

He R, Peng Z, Lyu H, Huang H, Nan Q, Tang J (2018) Synthesis and
characterization of an iron-impregnated biochar for aqueous arse-
nic removal. Sci Total Environ 612:1177-1186. https://doi.org/10.
1016/j.scitotenv.2017.09.016

Jia C, Wu L, Chen Q, Lin J, Yang L, Song Z, Guan B (2020) Distri-
bution behavior of arsenate into a-calcium sulfate hemihydrate
transformed from gypsum in solution. Chemosphere 255:126936.
https://doi.org/10.1016/j.chemosphere.2020.126936

Kamali M, Appels L, Kwon EE, Aminabhavi TM, Dewil R (2021)
Biochar in water and wastewater treatment - a sustainability
assessment. Chem Eng J 420:129946. https://doi.org/10.1016/].
cej.2021.129946

Kalan Kash (2009) Estudio Orientado a Identificar Los Mercados
Y Canales De Comercializacién Internacional Para La Oferta
De Productos De Ixtle Con Valor Agregado: Kalan Kash, S.C..
Available at: https://cofemersimir.gob.mx/expediente/13899/mir/
33129/anexo0/913306 (Accessed: 11 September 2023).

Kushwaha R, Singh RS, Mohan D (2023) Comparative study for sorp-
tion of arsenic on peanut shell biochar and modified peanut shell
biochar. Bioresour Technol 375:128831. https://doi.org/10.1016/j.
biortech.2023.128831

Langmuir I (1918) The adsorption of gases on plane surface of glass,
mica and platinum. J] Am Chem Soc 40(9):1361-1403. https://doi.
org/10.1021/ja02242a004

Lata S, Prabhakar R, Adak A, Samadder SR (2019) As(V) removal
using biochar produced from an agricultural waste and prediction

7
<N

' 4

@ Springer

of removal efficiency using multiple regression analysis. Envi-
ron Sci Pollut Res 26(31):32175-32188. https://doi.org/10.1007/
$11356-019-06300-w

Li X, Qin Y, Jia Y, Li Y, Zhao Y, Pan Y, Sun J (2021a) Preparation
and application of Fe/biochar (Fe-BC) catalysts in wastewater
treatment: a review. Chemosphere 274:129766. https://doi.org/
10.1016/j.chemosphere.2021.129766

LiY, YuH, Liu L, Yu H (2021b) Application of co-pyrolysis biochar
for the adsorption and immobilization of heavy metals in con-
taminated environmental substrates. J] Hazard Mater 420:126655.
https://doi.org/10.1016/j.jhazmat.2021.126655

Liu Y (2018) Raman, Mid-IR, and NIR spectroscopic study of calcium
sulfates and mapping gypsum abundances in Columbus crater.
Mars Planet Space Sci 163:35-41. https://doi.org/10.1016/].pss.
2018.04.010

Mahmoud MHH, Rashad MM, Ibrahim IA, Abdel-Aal EA (2004) Crys-
tal modification of calcium sulfate dihydrate in the presence of
some surface-active agents. J Colloid Interface Sci 270(1):99-105.
https://doi.org/10.1016/j.jcis.2003.09.023

Mamindy-Pajany Y, Hurel C, Marmier N, Roméo M (2011) Arsenic
(V) adsorption from aqueous solution onto goethite, hematite,
magnetite and zero-valent iron: Effects of pH, concentration and
reversibility. Desalination 281:93-99. https://doi.org/10.1016/j.
desal.2011.07.046

Namduri H, Nasrazadani S (2008) Quantitative analysis of iron oxides
using Fourier transform infrared spectrophotometry. Corros Sci
50(9):2493-2497. https://doi.org/10.1016/j.corsci.2008.06.034

Navarathna CM, Karunanayake AG, Gunatilake SR, Pittman CU, Perez
F, Mohan D, Mlsna T (2019) Removal of Arsenic(IIT) from water
using magnetite precipitated onto Douglas fir biochar. J Environ
Manag 250:109429. https://doi.org/10.1016/j.jenvman.2019.
109429

Nguyen TH, Pham TH, Nguyen Thi HT, Nguyen TN, Nguyen M-V,
Tran Dinh T, Nguyen MP, Do TQ, Phuong T, Hoang TT, Mai
Hung TT, Thi VHT (2019) Synthesis of iron-modified biochar
derived from rice straw and its application to arsenic removal. J
Chem 2019(1):5295610. https://doi.org/10.1155/2019/5295610

Nguyen TH, Loganathan P, Nguyen TV, Vigneswaran S, Ha Nguyen
TH, Tran HN, Nguyen QB (2022) Arsenic removal by pomelo
peel biochar coated with iron. Chem Eng Res Des 186:252-265.
https://doi.org/10.1016/j.cherd.2022.07.022

Nham NT, Tahtamouni TMA, Nguyen TD, Huong PT, Jitae K, Viet
NM, Noi NV, Phuong NM, Anh NTH (2019) Synthesis of iron
modified rice straw biochar toward arsenic from groundwater.
Mater Res Express 6(11):115528. https://doi.org/10.1088/2053-
1591/ab4b98

Nosov VN, Frolova NG, Kamyshov VF (1976) IR spectra of calcium
sulfate semihydrates. J Appl Spectrosc 24(4):509-511. https://doi.
org/10.1007/BF00938667

Osuna-Martinez CC, Armienta MA, Bergés-Tiznado ME, Paez-Osuna
F (2021) Arsenic in waters, soils, sediments, and biota from Mex-
ico: An environmental review. Sci Total Environ 752:142062.
https://doi.org/10.1016/j.scitotenv.2020.142062

Pérez-Martinez I, Ramos-Leal JA, Cardona-Benavides A, Moran-
Ramirez J, Villanueva-Estrada RE (2021) Hydrogeochemical char-
acterization for the identification and quantification of the flows
that give rise to groundwater in a tectonic valley. Environ Earth
Sci 80(23):772. https://doi.org/10.1007/s12665-021-10057-2

Petkova V, Pelovski Y (2008) Comparative DSC study on ther-
mal decomposition of iron sulphates. J] Therm Anal Calorim
93(3):847-852. https://doi.org/10.1007/s10973-008-9302-x

Roman-Ross G, Cuello GJ, Turrillas X, Fernandez-Martinez A, Char-
let L (2006) Arsenite sorption and co-precipitation with calcite.


https://doi.org/10.1016/j.minpro.2006.10.001
https://doi.org/10.1016/j.indcrop.2019.06.004
https://doi.org/10.1016/j.indcrop.2019.06.004
https://doi.org/10.1016/j.gexplo.2017.06.002
https://doi.org/10.3390/catal11010003
https://doi.org/10.3390/catal11010003
https://doi.org/10.1007/s10311-008-0139-0
https://doi.org/10.3390/separations5040059
https://doi.org/10.3390/separations5040059
https://doi.org/10.1016/j.rser.2016.12.008
https://doi.org/10.1016/j.rser.2016.12.008
https://doi.org/10.5004/dwt.2017.21079
https://doi.org/10.5004/dwt.2017.21079
https://doi.org/10.1016/j.scitotenv.2019.134893
https://doi.org/10.1016/j.scitotenv.2019.134893
https://doi.org/10.1016/j.scitotenv.2017.09.016
https://doi.org/10.1016/j.scitotenv.2017.09.016
https://doi.org/10.1016/j.chemosphere.2020.126936
https://doi.org/10.1016/j.cej.2021.129946
https://doi.org/10.1016/j.cej.2021.129946
https://cofemersimir.gob.mx/expediente/13899/mir/33129/anexo/913306
https://cofemersimir.gob.mx/expediente/13899/mir/33129/anexo/913306
https://doi.org/10.1016/j.biortech.2023.128831
https://doi.org/10.1016/j.biortech.2023.128831
https://doi.org/10.1021/ja02242a004
https://doi.org/10.1021/ja02242a004
https://doi.org/10.1007/s11356-019-06300-w
https://doi.org/10.1007/s11356-019-06300-w
https://doi.org/10.1016/j.chemosphere.2021.129766
https://doi.org/10.1016/j.chemosphere.2021.129766
https://doi.org/10.1016/j.jhazmat.2021.126655
https://doi.org/10.1016/j.pss.2018.04.010
https://doi.org/10.1016/j.pss.2018.04.010
https://doi.org/10.1016/j.jcis.2003.09.023
https://doi.org/10.1016/j.desal.2011.07.046
https://doi.org/10.1016/j.desal.2011.07.046
https://doi.org/10.1016/j.corsci.2008.06.034
https://doi.org/10.1016/j.jenvman.2019.109429
https://doi.org/10.1016/j.jenvman.2019.109429
https://doi.org/10.1155/2019/5295610
https://doi.org/10.1016/j.cherd.2022.07.022
https://doi.org/10.1088/2053-1591/ab4b98
https://doi.org/10.1088/2053-1591/ab4b98
https://doi.org/10.1007/BF00938667
https://doi.org/10.1007/BF00938667
https://doi.org/10.1016/j.scitotenv.2020.142062
https://doi.org/10.1007/s12665-021-10057-2
https://doi.org/10.1007/s10973-008-9302-x

International Journal of Environmental Science and Technology (2025) 22:9193-9208 9207

Chem Geol 233(3):328-336. https://doi.org/10.1016/j.chemgeo.
2006.04.007

Romero-Gonzalez J, Peralta-Videa JR, Rodriguez E, Delgado M,
Gardea-Torresdey JL (2006) Potential of Agave lechuguilla bio-
mass for Cr(III) removal from aqueous solutions: Thermodynamic
studies. Bioresour Technol 97(1):178-182. https://doi.org/10.
1016/j.biortech.2005.01.037

Ruhl AS, Kranzmann A (2013) Investigation of corrosive effects of
sulphur dioxide, oxygen and water vapour on pipeline steels. Int J
Greenhouse Gas Control 13:9-16. https://doi.org/10.1016/j.ijjggc.
2012.12.007

Scheller, H. V. and Ulvskov, P. (2010) Hemicelluloses. Annual Review
of Plant Biology 61(Volume 61, 2010):263-289. https://doi.org/
10.1146/annurev-arplant-042809-112315

Senthilkumar R, Reddy Prasad DM, Govindarajan L, Saravanakumar
K, Naveen Prasad BS (2020) Synthesis of green marine algal-
based biochar for remediation of arsenic(V) from contaminated
waters in batch and column mode of operation. Int J Phytorem
22(3):279-286. https://doi.org/10.1080/15226514.2019.1658710

Shah, K. H., Fahad, M., Ghazi, Z. A., Ali, S., Shahzad, A. and Din, S.
U. (2022) Optimization, characterization and adsorption proper-
ties of natural calcite for toxic As(III) removal from aqueous solu-
tions. Water SA 48(3 July). https://doi.org/10.17159/wsa/2022.
v48.13.3909

Shaheen SM, Mosa A, Natasha A (2022) Removal of toxic elements
from aqueous environments using nano zero-valent iron- and iron
oxide-modified biochar: a review. Biochar 4(1):24. https://doi.org/
10.1007/s42773-022-00149-y

Sharma A, Pareek V, Zhang D (2015) Biomass pyrolysis—A review
of modelling, process parameters and catalytic studies. Renew
Sustain Energy Rev 50:1081-1096. https://doi.org/10.1016/j.rser.
2015.04.193

Srivastav AL, Pham TD, Izah SC, Singh N, Singh PK (2022) Biochar
adsorbents for arsenic removal from water environment: a review.
Bull Environ Contam Toxicol 108(4):616-628. https://doi.org/10.
1007/s00128-021-03374-6

Wan X, Li C, Parikh SJ (2020) Simultaneous removal of arsenic, cad-
mium, and lead from soil by iron-modified magnetic biochar.
Environ Pollut 261:114157. https://doi.org/10.1016/j.envpol.
2020.114157

Wang J, Guo X (2020) Adsorption kinetic models: Physical meanings,
applications, and solving methods. J Hazard Mater 390:122156.
https://doi.org/10.1016/j.jhazmat.2020.122156

Wang S, Gao B, Zimmerman AR, Li Y, Ma L, Harris WG, Migliaccio
KW (2015) Removal of arsenic by magnetic biochar prepared
from pinewood and natural hematite. Bioresour Technol 175:391-
395. https://doi.org/10.1016/j.biortech.2014.10.104

Wang S, Gao B, Li Y, Creamer AE, He F (2017) Adsorptive removal
of arsenate from aqueous solutions by biochar supported zero-
valent iron nanocomposite: Batch and continuous flow tests. J
Hazard Mater 322:172-181. https://doi.org/10.1016/j.jhazmat.
2016.01.052

Wu J, Huang D, Liu X, Meng J, Tang C, Xu J (2018) Remediation of
As(IIT) and Cd(II) co-contamination and its mechanism in aque-
ous systems by a novel calcium-based magnetic biochar. J Hazard
Mater 348:10-19. https://doi.org/10.1016/j.jhazmat.2018.01.011

XiJ, FengJ, Ge D, Wang Y, Lu X (2021) Preparation of carbon/Al,O,/
nZVI magnetic nanophase materials produced from drinking
water sludge for the removal of As(V) from aqueous solutions.
Environ Sci Pollut Res 28(6):7261-7270. https://doi.org/10.1007/
s11356-020-11084-5

Xiao X, Chen B, Chen Z, Zhu L, Schnoor JL (2018) Insight into multi-
ple and multilevel structures of biochars and their potential envi-
ronmental applications: a critical review. Environ Sci Technol
52(9):5027-5047. https://doi.org/10.1021/acs.est.7b06487

XuZ,Wan Z, Sun Y, Cao X, Hou D, Alessi DS, Ok YS, Tsang DCW
(2021) Unraveling iron speciation on Fe-biochar with distinct
arsenic removal mechanisms and depth distributions of As and
Fe. Chem Eng J 425:131489. https://doi.org/10.1016/j.cej.2021.
131489

Yadav MK, Saidulu D, Gupta AK, Ghosal PS, Mukherjee A (2021)
Status and management of arsenic pollution in groundwater: A
comprehensive appraisal of recent global scenario, human health
impacts, sustainable field-scale treatment technologies. J Envi-
ron Chem Eng 9(3):105203. https://doi.org/10.1016/j.jece.2021.
105203

Yadav MK, Saidulu D, Ghosal PS, Mukherjee A, Gupta AK (2022)
A review on the management of arsenic-laden spent adsorbent:
Insights of global practices, process criticality, and sustainable
solutions. Environ Technol Inno 27:102500. https://doi.org/10.
1016/j.eti.2022.102500

Zboril R, Mashlan M, Papaefthymiou V, Hadjipanayis G (2003) Ther-
mal decomposition of Fe,(SO,)3: Demonstration of Fe,O; poly-
morphism. J Radioanal Nucl Chem 255(3):413-417. https://doi.
org/10.1023/A:1022543323651

Zhang M, Gao B, Varnoosfaderani S, Hebard A, Yao Y, Inyang M
(2013) Preparation and characterization of a novel magnetic bio-
char for arsenic removal. Bioresour Technol 130:457-462. https://
doi.org/10.1016/j.biortech.2012.11.132

Zhang F, Wang X, Xionghui J, Ma L (2016) Efficient arsenate removal
by magnetite-modified water hyacinth biochar. Environ Pollut
216:575-583. https://doi.org/10.1016/j.envpol.2016.06.013

Zhang X, Li X, Zhang F, Peng S, Tumrani SH, Ji X (2019a) Adsorp-
tion of Se(IV) in aqueous solution by zeolites synthesized from
fly ashes with different compositions. J Water Reuse Desalin
9(4):506-519. https://doi.org/10.2166/wrd.2019.036

Zhang Y, Fan J, Fu M, Ok YS, Hou Y, Cai C (2019b) Adsorption
antagonism and synergy of arsenate(V) and cadmium(II) onto
Fe-modified rice straw biochars. Environ Geochem Health
41(4):1755-1766. https://doi.org/10.1007/s10653-017-9984-8

Zhang C, Zhang L, Gao J, Zhang S, Liu Q, Duan P, Hu X (2020)
Evolution of the functional groups/structures of biochar and het-
eroatoms during the pyrolysis of seaweed. Algal Res 48:101900.
https://doi.org/10.1016/j.algal.2020.101900

Zhang W, Cho Y, Vithanage M, Shaheen SM, Rinklebe J, Alessi DS,
Hou C-H, Hashimoto Y, Withana PA, Ok YS (2022) Arsenic
removal from water and soils using pristine and modified biochars.
Biochar 4(1):55. https://doi.org/10.1007/s42773-022-00181-y

Zhu X, Liu Y, Qian F, Zhou C, Zhang S, Chen J (2014) Preparation of
magnetic porous carbon from waste hydrochar by simultaneous
activation and magnetization for tetracycline removal. Bioresour
Technol 154:209-214. https://doi.org/10.1016/j.biortech.2013.
12.019

Zubair YO, Fuchida S, Tokoro C (2020) Insight into the mechanism of
arsenic(I1l/V) uptake on mesoporous zerovalent iron-magnetite
nanocomposites: adsorption and microscopic studies. ACS Appl
Mater Interfaces 12(44):49755-49767. https://doi.org/10.1021/
acsami.Oc14088

=

’r @ Springer


https://doi.org/10.1016/j.chemgeo.2006.04.007
https://doi.org/10.1016/j.chemgeo.2006.04.007
https://doi.org/10.1016/j.biortech.2005.01.037
https://doi.org/10.1016/j.biortech.2005.01.037
https://doi.org/10.1016/j.ijggc.2012.12.007
https://doi.org/10.1016/j.ijggc.2012.12.007
https://doi.org/10.1146/annurev-arplant-042809-112315
https://doi.org/10.1146/annurev-arplant-042809-112315
https://doi.org/10.1080/15226514.2019.1658710
https://doi.org/10.17159/wsa/2022.v48.i3.3909
https://doi.org/10.17159/wsa/2022.v48.i3.3909
https://doi.org/10.1007/s42773-022-00149-y
https://doi.org/10.1007/s42773-022-00149-y
https://doi.org/10.1016/j.rser.2015.04.193
https://doi.org/10.1016/j.rser.2015.04.193
https://doi.org/10.1007/s00128-021-03374-6
https://doi.org/10.1007/s00128-021-03374-6
https://doi.org/10.1016/j.envpol.2020.114157
https://doi.org/10.1016/j.envpol.2020.114157
https://doi.org/10.1016/j.jhazmat.2020.122156
https://doi.org/10.1016/j.biortech.2014.10.104
https://doi.org/10.1016/j.jhazmat.2016.01.052
https://doi.org/10.1016/j.jhazmat.2016.01.052
https://doi.org/10.1016/j.jhazmat.2018.01.011
https://doi.org/10.1007/s11356-020-11084-5
https://doi.org/10.1007/s11356-020-11084-5
https://doi.org/10.1021/acs.est.7b06487
https://doi.org/10.1016/j.cej.2021.131489
https://doi.org/10.1016/j.cej.2021.131489
https://doi.org/10.1016/j.jece.2021.105203
https://doi.org/10.1016/j.jece.2021.105203
https://doi.org/10.1016/j.eti.2022.102500
https://doi.org/10.1016/j.eti.2022.102500
https://doi.org/10.1023/A:1022543323651
https://doi.org/10.1023/A:1022543323651
https://doi.org/10.1016/j.biortech.2012.11.132
https://doi.org/10.1016/j.biortech.2012.11.132
https://doi.org/10.1016/j.envpol.2016.06.013
https://doi.org/10.2166/wrd.2019.036
https://doi.org/10.1007/s10653-017-9984-8
https://doi.org/10.1016/j.algal.2020.101900
https://doi.org/10.1007/s42773-022-00181-y
https://doi.org/10.1016/j.biortech.2013.12.019
https://doi.org/10.1016/j.biortech.2013.12.019
https://doi.org/10.1021/acsami.0c14088
https://doi.org/10.1021/acsami.0c14088

9208 International Journal of Environmental Science and Technology (2025) 22:9193-9208

Authors and Affiliations
A.P. Gonzalez Garcia'® - S. Carlos Hernandez'® . L. Diaz Jiménez'

P4 L. Diaz Jiménez Av. Industria Metaldrgica 1062, Parque Industrial Ramos
lourdes.diaz@cinvestav.edu.mx Arizpe, 25900 Ramos Arizpe, Coahuila, México

L' Sustentabilidad de los Recursos Naturales y Energfa,

Laboratorio de Revaloracion de Residuos, Cinvestav Saltillo,

* @ Springer


http://orcid.org/0009-0008-8193-2550
http://orcid.org/0000-0003-2971-2813
http://orcid.org/0000-0001-5942-4658

	Agave lechuguilla waste can be applied as biochar-adsorbent to remove arsenic from water
	Abstract
	Graphical abstract

	Introduction
	Materials and methods
	Materials
	Synthesis of iron-modified guishe biochars (BGFe)
	Preparation of BGFeS1
	Preparation of BGFeS2
	Preparation of BGFeS3
	Preparation of BGFeS4

	Biochar characterization
	Batch adsorption studies
	pH effect on As adsorption
	Adsorption kinetics
	Adsorption isotherms


	Results and discussion
	Biochar characterization
	Elemental composition
	XRD
	FTIR
	SEM
	PZC

	Batch adsorption studies using the four BGFe
	pH effect on As adsorption
	Adsorption kinetics
	Adsorption isotherms
	Comparison with other iron-modified biochars


	Conclusion
	Acknowledgements 
	References




