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ARTICLE INFO ABSTRACT
Keywords: Raw mango peel (RMP) was first saponified to yield saponified mango peel (SMP), which was
Mango peel then loaded with Zr(IV) ions to form a biosorbent for As(III) scavenging.The biosorption be-
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haviors and mechanisms of As(III) scavenging using RMP and Zr(IV)-loaded saponified mango
peel (Zr(IV)-SMP) were investigated batchwise. The As(IIl) scavenging efficiency of RMP
increased from 20.13 % to 87.32 % after Zr(IV) loading. Optimum contact time of 6 h has been
investigated for As(IIl) scavenging by Zr(IV)-SMP, and the data on kinetics is well fitted to the
pseudo-second-order (PSO) model. Similarly, isotherm data of Zr(IV)-SMP fitted well to the
Langmuir isotherm model with the maximum As(IIl) scavenging potential of 45.52 mg/g. Chlo-
ride (C17) and nitrate (NO3) have negligible influence on As(III) scavenging, but sulphate (S03")
interferes significantly. The exhausted Zr(IV)-SMP could be easily regenerated by treating with
2MNaOH. A mechanistic study indicates that As(III) scavenging is primarily contributed to
electrostatic interaction and ligand exchange, which is confirmed from both instrumental and
chemical characterizations techniques. Tubewell underground water polluted with a trace
amount of arsenic (98.63 ug/L) could be successfully lowered down to the WHO standard (10 pg/
L) by applying a small amount of Zr(IV)-SMP. Therefore, the Zr(IV)-SMP investigated in this work
can be a low-cost, environmentally benign, and promising alternative for scavenging trace levels
of arsenic from contaminated water.

1. Introduction

Contamination of waters with hazardous ions like arsenic is a major environmental concern worldwide [1]. Arsenic is a silver-grey,
brittle crystalline solid that cannot be found in the earth’s crust as a free element but does exist in the form of its oxoanionic form in
aqueous media [2]. Natural activities such as weathering of arsenic-rich rocks, volcanic eruptions, and anthropological activities like
manufacture of semiconductors, insecticide, wood preservative, paint and glass are responsible for the pollution of arsenic [3].
Groundwater is a major source of drinking water in developing countries like Nepal, India, and Bangladesh, and high concentrations of
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arsenic cause negative effects on human health [4]. The arsenite, arsenate, monomethylarsenate, and dimethylarsenate are the arsenic
species that commonly caused toxicity in human health [5]. Trivalent arsenic, As(III), is nearly 60 times more dangerous than
pentavalent arsenic, As(V), and about 100 times more toxic than the organic form of arsenic [6]. Arsenic can exist in several oxidation
states (3, 0, +3, and +5), but in natural waters, it is primarily present as the inorganic oxyanions of the trivalent As(III) species (H3sO3
at 2-7 pH, HyAsO3, HAsO%’ at 7-12 pH, and Asog’at > 12 pH and penta-valent As(V) [3,6]. Diseases such as dermatitis, cardio-
vascular problems, diabetes, chronic bronchitis, immune disorders, peripheral nephropathy, liver damage, renal failure, adverse
reproductive outcomes, hematological effects, and finally cancer may be caused by arsenic poisoning [7].

In addition to this, the people of arsenic-polluted areas are also facing social and economic troubles thesedays [2]. Around 94 to 220
million people are exposed to arsenic-contaminated groundwater, with Asia accounting for approximately 94 % of the total [2,8]. The
majority of these people are from South and Southeast Asia, including India, Bangladesh, China, Nepal, and Vietnam [9]. Nepal is a
landlocked country situated in southeast Asia, between China and India. It is geographically divided into three physical regions: the
Mountainous or Himalayan region, the Hilly region, and the Terai region. In the Terai region, population density is high (more than 50
%), and the majority of people still rely on hand tubes and dug wells for their daily water needs, including drinking water. Arsenic
pollution is prevalent in the districts of the Terai, such as Nawalparasi, Bara, Parsa, Rautahat, Rupandehi, and Kapilivastu [10]. In
1993, the World Health Organization (WHO) decreased the safe limit of arsenic concentrations from 50 pg/L to 10 pg/L because of its
extreme carcinogenic behavior. Nepal is currently unable to implement the new WHO guideline due to a lack of skilled manpower,
technical facilities, and economic reason, thus obeying the strict guideline limit of 50 pg/L in drinking water [11].

Nowadays, arsenic is removed from water and wastewater using a variety of methods. Some methods are oxidation/reduction,
precipitation, coagulation, ion exchange, adsorption, reverse osmosis, and membrane filtration. The majority of these technologies are
effective, but they are not competitive [12]. Ion exchange, reverse osmosis (RO) and membrane process are much effective tech-
nologies but are expensive for country like Nepal thus the adsorption of arsenic onto functionalized biomass materials is one of the
better options. Adsorbents containing metal ions such as Fe(III), AI(III), Zr(IV) and rare earth metals are effective for arsenic treatment.
Metal ions such as aluminum and iron leak easily from loaded biomass materials and are thus comparatively unsatable, whereas
loading rare earth metals could potentially increase the production cost of adsorbents [5]. Zirconium and its compounds have also
demonstrated a high affinity for arsenic, with the zirconia nanoparticle effectively remove arsenic from water [13]. However, due to
the limited resource of Zr(IV) on the earth’s surface, direct use of Zr(IV) compounds as an adsorbent for water treatment will exhaust its
ore in the near future. Therefore, the development of a new material loaded with a small amount of Zr(IV), which is capable of creating
the maximum number of active sites on a biodegradable polymer with its regeneration and recovery potential, is necessary for resource
conservation and environmental protection.

Mango peel (MP) consist esterified pectin, cellulose, hemicelluloses, protein, polyphenolic compounds, flavonoids, xanthone c-
glycosides, carotenoids, dietary fibers, and lipids, among them pectin and cellulose are major polysaccharides [14]. These polymers
contain lots of functional moieties such as carboxylic acid, hydroxyl, amine, aldehyde, and so on which strongly bind metal ions. Due to
the high pectin and cellulose content, MP has the potential to be used as an adsorbent for the scavenging of toxic metals, dyes, and
other organic materials from industrial effluents [15]. The motives for selecting MP to fabricate a natural ligand exchanger to scavenge
As(III) are: (i) functional diversity, (ii) high pectin content, (iii) easy for modification, (iv) biodegradable, and (v) abundant agri-
cultural byproducts. Therefore, in this paper, the waste biomass of raw mango peel (RMP) was first saponified with lime water to
increase the functional group density of carboxylic acid and then loaded with Zr(IV) to create ligand exchange sites for arsenic anion
adsorption. The study of the interfering effect of commonly co-existing anions and suitable method of desorption for its regeneration is
also systematically studied in this work.

2. Materials and methods
2.1. Materials and chemicals

Mango fruit was collected from the farmland of Kalikanagar, Butwal, Lumbini Province, Nepal. At first, the mango peel was
removed from the fruits, washed, and dried. Mango peel was cut into small pieces and dried in sunlight for 7 days. The dried mango
peel pieces were pulverized into powder using a mechanical grinder. Then it was sieved through a 150-um mesh to obtain a definite
particle size. It was then stored in a clean and dry polythene bottle. Sodium chloride (NaCl), calcium hydrooxide (Ca(OH)s), zirconium
oxychlorideoctahydrate (ZrOCl,+8H20), sodium hydroxide (NaOH), hydrochloric acid (HCl), arsenic trioxide (AsOs3), sulphuric acid
(H2S04), potassium dihydrogen phosphate (KH2PO4), sodium nitrate (NaNOg), and sodium sulphate (NaSO4) are the major chemicals
employed in this study. All of the chemicals used in this research work are of the reagent/analytical grade and were directly employed
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Scheme 1. Synthetic route of Zr(IV)-SMP from RMP by saponification followed by Zr(IV) loading.
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without any further purification.
2.2. Preparation of Zr(IV) loaded saponified mango peel

Methyl ester part of mango pectin contained in raw mango peel (RMP) is inferred to convert carboxylic acid by treatment with base,
which is popularly known as the saponification reaction. Twenty gram of RMP was first treated with 500 mL of saturated Ca(OH); for
24 h to convert esterified pectin into a carboxylic acid group as depicted in Scheme 1 (step 1). After that, the product was filtered and
washed several times with distilled water through decantation followed by filtration until a neutral pH was obtained. The product
obtained was dried in a hot air oven at 60 °C for 48 h to get 8.56g of saponified mango peel (SMP), which was then subjected to Zr(IV)
loading as follows. Five gram of SMP was mixed with 500 mL of a 0.1M ZrOCl,+8H50 solution prepared in HEPES buffer at pH 2, and
the reaction mixture was shaken for 24 h in a mechanical shaker at a speed of 180 + 5 rpm. The reaction product obtained was filtered,
washed several times with distilled water until neutral pH, and dried in an oven at 60 °C. The dried product (4.76g) obtained in this
way is termed as Zr(IV)-SMP hereafter. SMP is a calcium salt of pectic acid, the loading of the Zr(IV) ion was inferred to occur with the
substitution of available exchangeable calcium in SMP with Zr(IV) ion, as clearly shown in Scheme 1 (step 2).

2.3. Characterization of biosorbents

2.3.1. Boehm'’s titration and determination of exchangeable proton

Boehm’s titration procedure described elsewhere was used to find out the amount of phenolic, lactonic, and carboxylic acid groups
on the surface of Zr(IV)-SMP [16]. For this, 0.5 g of Zr(IV)-SMP was mixed with 25 mL (0.05 M each) of NaOH, NaHCOs, and Na;COj3 in
three separate bottles, then stirred for 24 h, and finally filtered. NaOH is the strongest base assumed to neutralize all Brgnsted acids,
while NaHCOj3 neutralizes carboxylic acids and Nay;CO3 neutralizes carboxylic and lactonic groups. The filtrates were then back
titrated against 0.05M NaOH with an excess of 0.05M HCI (10 mL). To determine the exchangeable proton in SMP, the SMP was first
treated with 0.1M HCI at a solid-liquid ratio of 5 g/L and stirred for 24 h. After that, it was filtered, washed, and dried. The dried
product (H-type SMP) was titrated with 0.01M NaOH and the amount of hydroxide ion consumed by SMP was determined, which is
equivalent to the total amount of exchangeable protons.

2.3.2. Instrumental characterization

Fourier transform infrared (FTIR) analysis was carried out to identify the functional groups present in the feed material and their
modification after saponification, Zr(IV) loading, and As(III) scavenging by using a FTIR spectrometer (IR Affinity-1S-SHIMADZU
spectrometer, Kyoto, Japan). Morphological texture and elemental composition of the materials were identified using a scanning
electron microscope (SEM,JEOL JSM 5900) and energy dispersive X-ray spectroscopy (EDS JEOL model JSM). Crystalline property and
X-ray diffraction behavior of the samples was carried out in the range from 10 to 80 ° by using Cu-Ka (A = 1.54056 A) radiation using
an X-ray diffractometer (Ricagu Co., Japan). The pH of the test solution was measured using a pH meter (CHEMI LINE CL-180) whereas
that of arsenic concentration was measured by using atomic absorption spectrometer (PerkinElmer, USA).

2.4. Arsenic scavenging in batch mode

The effect of the pH, initial As(III) concentration, biosorbent dose, and contact times for the As(III) scavenging process were
investigated batchwise. In a reagent bottle, 20 mL of pH-adjusted As(III) solution (5 mg/L) was added to 30 mg of biosorbent and
shaken in a mechanical shaker for 24 h. Kinetic studies were carried out by mixing biosorbents with As(IIl) solution (5 mg/L) at
optimum pH. Isotherm tests were carried out with different concentrations of As(II) ranging from 5 to 400 mg/L. The solutions were
equilibrated for 24 h in all cases except for the kinetic studies before being filtered. The concentration of As(III) ions before and after
scavenging was then determined. The effect of Zr(IV)-SMP dosage was tested by mixing 10 mL of arsenic-polluted water with different
amounts of Zr(IV)-SMP ranging from 0 to 100 mg. Since chloride, nitrate and sulphate are commonly found in arsenic-polluted water
[171, the interfering effect of these ions during arsenic scavenging process was determined by varying the concentration of these ions
(0 mg/L to 200 mg/L) keeping As(IIl) concentration (1 mg/L) constant. The amount of As(IIl) scavenged per unit mass and percentage
scavenging are calculated by using equation (1) and equation (2) [2,6].
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Where,C; and C. (mg/L) are adsorbate concentrations before and after scavenging As(III), respectively,V (L) is the volume of As(III)
solution, and W (g) is the weight of biosorbent used.

2.5. Desorption of scavenged arsenic

For this, As(IlI)-loaded Zr(IV)-SMP was first prepared by mixing 500 mL of As(III) solution (100 mg/L at pH 10.18) with 2.14g of Zr
(IV)-SMP and stirring for 24 h. Then it was filtered, and the residue was collected, washed until neutral pH, and dried in a hot air oven
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at 60 °C for 48 h. The dried product obtained from this reaction is termed As(IlI)-loaded Zr(IV)-SMP and abbreviated as As—Zr(IV)-SMP
hereafter. A preliminary desorption test was carried out using acidic (1M HCl), neutral (1 M NaCl), and basic (1M NaOH) solutions at a
solid-liquid ratio of 5 g per liter. NaOH showed effective desorption of scavenged As(III) compared to HCl and NaCl. Therefore,
optimization of NaOH solution was done by shaking 30 mg of As-Zr(IV)-SMP with 10 mL of NaOH solution at different concentration
(0.05-2.0M). The efficiency of arsenic desorption was determined by analyzing the arsenic in desorbed solution and the percentage
desorption was calculatedas [18,19].

%D=24 4 100 @)
Aa
Where Ap and Dy are the amounts adsorbed or scavenged and dessorbed expressed as mg/g of As(III) ions, respectively.

3. Results and discussion
3.1. Chemical modification of RMP and creation of active sites

Methylated ester groups exist in RMP are considered to be converted into carboxylic acids after saponification reaction and pro-
duced calcium salt of mango pectic acid. It contains exchangeable calcium (Ca(II)) and acts as cation exchanger where active sites for
As(IIT) scavenging are created by Zr(IV) loading. The details of Zr(IV) loading and creating active sites for As(III) anions is explain as
follows. Tetravalent zirconium, Zr(IV), ions generally forms the octahedral complex in an aqueous solution and the loading of Zr(IV)
occurred by the substitution of calcium from SMP. Due to big polymeric structure of mango pectic acid in SMP, neutralization of all 4
positive charges of Zr(IV) by carboxylic acid groups of SMP is impossible due to the steric hindrance during Zr(IV) loading. Thus one or
two positive charges of Zr(IV) are neutralized by pectic acid groups of SMP, rest are neutralized by hydroxyl or chloride ions existed in
the aqueous solution, and other oxidation numbers are fulfilled by water ligands.

3.2. Characterizations of biosorbents

3.2.1. Distributions of various elements and EDS spectra

To investigate the existence of various elements and their distributions, EDS mapping of feed material (RMP), Zr(IV)-SMP, and As
(I1)-loaded Zr(IV)-SMP was done, and the observed results are presented in Fig. 1 and Supplementary Fig. S1). The elemental dis-
tribution shows that carbon (red) and oxygen (dark green) are homogeneously distributed on the surface of RMP (Fig. 1(A)), whereas
sodium (light blue), magnesium (dark blue), silicon (grey), potassium (purple), and calcium (light green) are distributed heteroge-
neously. It is evident from the elemental mapping of Zr(IV)-SMP (supplementary figure, S1) that zirconium (light green), chlorine
(blue), oxygen (green), and carbon (red) are major elements in Zr(IV)-SMP. New elements zirconium (Zr) and chlorine (Cl) were
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Fig. 1. Elemental distribution and mapping of individual elements in (A) RMP and, (B) Zr(IV)-SMP after As(IIl) scavenging.
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observed in Zr(IV)-loaded SMP which are absent in RMP (feed material), it is due to the loading of Zr(IV) by treating SMP with
ZrOCl,.8H0 solution. After As(IIl) scavenging (Fig. 1(B)), elements such as carbon (red), oxygen (green), sodium (blue), chlorine
(dark blue), calcium (dark green), zirconium (light blue), and arsenic (purple) are observed. The existence of arsenic in Zr(IV)-SMP
after As(III) scavenging provides direct evidence of As(III) biosorption onto Zr(IV)-SMP surface.

EDS spectra of RMP, Zr(IV)-SMP, and As(III)-Zr(IV)-SMP are shown in Supplementary Figs. 2-4 (S2-S4), respectively.The atomic
percentages of various elements in Zr(IV)-SMP are: carbon (64.30 %), oxygen (30.85 %), chlorine (0.95 %), calcium (0.03 %), and
zirconium (3.87 %), whereas in the case of As(II)-Zr(IV)-SMP, they are: carbon (62.88 %), oxygen (31.86 %), sodium (0.04 %),
chlorine (0.21 %), calcium (0.05 %), zirconium (3.73 %), and arsenic (1.22 %). It shows that the weight percentage of oxygen (O) and
arsenic (As) increased after As(III) scavenging. It strongly suggested that the complex ion containing arsenic and oxygen is adsorbed on
the surface of Zr(IV)-SMP during As(III) scavenging process. All the results from the EDS analysis provided clear and direct evidence
that Zr(IV)-SMP successfully scavenged oxyanions of As(III) from water.

3.2.2. Modification of functional groups and crystalline property of biosorbent

FTIR analysis was carried out to identify the functional groups that existed in feed material (RMP) and their modification after
saponification, Zr(IV) loading, and As(III) scavenging. FTIR spectra of RMP, SMP, Zr(IV)-SMP, and As-Zr(IV)-SMP in the range from
400 to 4000 cm ™! are shown in Fig. 2(A)-2(C). The broad peak at 3200 to 3600 cm ™! in RMP indicates the presence of OH groups [20].
The peaks at 1700-1900 cm ™+ and 1600-1700 cm ™' suggest the existence of C=0 and C-O stretching, respectively.The peak centered
around 1400 cm ™! and 1000 cm ™! corresponds to the aliphatic and aromatic C-H and the C-O groups in alcohol, carboxylic acid, and
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Fig. 2. FTIR spectra and XRD patterns of biosorbent showing functional groups and crystallinity change.
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ether (C-O-C) [21]. The peak at 1716 cm™! due to C=O stretching of mango pectic acid in RMP was found to disappear in the
saponified product (SMP) due to the formation of calcium salts of carboxylic acid called calcium pectate (Fig. 2(A)) and Zr(IV) pectate
in Zr(IV)-SMP (Fig. 2(B)). Two peaks centered at 1635 ecm ! and 1436 cm™! in RMP correspond to stretching vibrations of ionic
carboxylic groups, which were shifted to 1610 cm ™! and 1427 cm ™ in the case of SMP and 1602 cm ™! and 1420 cm ™! in the case of Zr
(IV)-SMP, respectively. It provides strong evidence that carboxylic acid groups were principally involved in saponification and Zr(IV)
loading reactions. After As(II) scavenging, the —OH stretching vibration observed at 3260 cm ™! in Zr(IV)-SMP gets weakened, which is
attributed to the reduction of the -OH group after As(III) scavenging. The pH of the arsenic solution was found to be increased after As
(III) scavenging, which also provides the evidence of releasing hydroxyl ions, which will be described in detail in a later section. For
more clearance, the FTIR spectra of Zr(IV)-SMP and As-Zr(IV)-SMP were plotted between 1200 and 500 cm_l, as shown in Fig. 2(C). A
sharp peak observed at 953 cm ™! in Zr(IV)-SMP is attributed to the vibration of the Zr-O bond. Moreover, a new peak corresponding to
As-O observed at a wavelength of around 715 cm™! in the case of As-Zr(IV)-SMP, which provided the clear evidence that As(III) is
effectively scavenged onto the functional groups of Zr(IV)-SMP.

The XRD patterns of RMP, Zr(IV)-SMP, and As-Zr(IV)-SMP are shown in Fig. 2(D). It is observed from this result that the feed
material (RMP) has a crystalline structure due to the existence of sharp peaks at 26 around 16 and 21°. However, in the case of Zr(IV)-
SMP, two broad and characteristic amorphous bands of zirconium oxide appeared at 20 around 18-27° and 29-34°, which provided
the evidence that crystalline RMP is converted into amorphous Zr(IV)-SMP. A slight change in the position of the peak occurred after As
(I1I) scavenging. The intensity of some peaks decreased, while some peaks disappeared, and some new peaks appeared which might be
due to the conversion of adsorbed arsenic into arsenic oxide at 20 around 15, 19, 45, and 50° [22]. It confirmed that the crystalline
properperty of the RMP drastically changed after chemical modification and produced amorphous Zr(IV)-SMP, where adsorption of As
(I11) is much favoured than RMP.

3.2.3. Morphological characteristics of biosorbents

The surface morphology of the biosorbents is supposed to be changed after chemical modification and As(III) scavenging. To
investigate this, FE-SEM images of RMP, SMP, Zr(IV)-SMP, and As-Zr(IV)-SMP were recorded, and the results are presented in Fig. 3.
The surface of RMP (Fig. 3(A)) is a little bit waxy and contains an oily layer with some white patches, which may be due to the existence
of pigments (like limonene and chlorophyll), water-soluble sugar, and minerals. After Ca(OH); or base treatment, the surface became
much zig-zac as shown in Fig. 3(B), which may be due to the dissolution of soluble organic compounds such as sugar, citric acid,
limonene, and other minerals. The surface morphology became much changed after Zr(IV) loading, the large ups and downs observed
in SMP were diminished (Fig. 3(C)), which is attributed to the surface coverage of SMP by Zr(IV) ion. After As(III) scavenging (Fig. 3
(D)), the surface of the Zr(IV)-SMP becomes a little bit distrubed, where some irregular layers of As(III) on the Zr(IV)-SMP surface are
observed. It might be due to the scavenging of As(IIl) onto the surface of Zr (IV)-SMP.

CBNU CURF
EM Lab.

Fig. 3. FE-SEM images of (A) RMP, (B) SMP, (C) Zr(IV)-SMP, and (D) Zr(IV)-SMP after As(III) uptake.
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3.3. Batch-wise scavenging of As((IID) ion

3.3.1. Effect of pH and As(Ill) scavenging mechanism

The primary pH dependent factors for As(IIl) scavenging are the surface charge of the adsorbent and the As(III) speciation in water.
For scavenging As(III), the pH is a key controlling factor because the solubility of metal ions, the concentration of counter ions on the
functional groups of the biosorbent, and the degree of ionization of the adsorbate are influenced by pH [23]. Fig. 4 shows the %
scavenging of As(III) onto RMP and Zr(IV)-SMP as a function of equilibrium pH. It is observed from the result of this figure that RMP
showed a lower scavenging percentage (2.72 %) even at an optimal equilibrium pH of 8.37. However, the Zr(IV)-SMP showed a
dramatic improve of As(IIl) scavenging percentage (87.32 %) at pH 10.18. Moreover, an aqueous solubility of RMP was visibly
observed from our naked eyes, which potentially increases the TOC level in treated water and interferes the As(III) scavenging process.
Utilization of RMP as biosorbent material for As(III) scavenging is not appropriate in terms of economic benefit and environmental
prospects thus further study were carried out with Zr(IV)-SMP only. Moreover, the result also reveals that the % scavenging of As(IIl) is
lower at lower pHs, whereas it is significantly increased at pHs higher than 8 and reached maximum value at pH 10.18 by using Zr
(IV)-SMP.

From As(III) speciation in aqueous medium, neutral species of As(III) (H3AsO3) are major species at pH below 9 whereas mono-
anionic (H2AsO3) species are predominant from 9 to 12 pH [24]. The maximum As(III) scavenging is observed at pH 10.18; thus
the majority of scavenging occurred in the form of HyAsO3 ions. Small amount of As(III) is also scavenged at pH below 9, where its
scavenging occured in the form of neutral H3AsOs. The result indicated that both neutral as well as anionic specicies of As(III) are
scavenged using Zr(IV)-SMP adsorbent. The coordinated hydroxyl/ or chloride (OH/or Cl) ligands and water (H,0) ligands exists in
the coordination sphere of loaded Zr(IV) in Zr(IV)-SMP are the main active sites for the scavenging of As(III) anion from water via
ligand exchange mechanisms as demonstrated in Scheme 2. The low scavenging percentage of As(III) observed at lower pHs (acidic pH,
i.e., pH 1-6) is due to the existence of neutral species of the As(III) as the dominant species which are hardly adsorbed onto Zr(IV)-SMP.
At optimum pH (i.e. pH = 10.18), the predominant species is H,AsO3, which is easily exchanged with Cl/or OH ligands of Zr(IV)-SMP
by ligand substitution reaction as clerely depicted in Scheme 2, resulting in a higher scavenging percentage. At a higher pH (>11), the
percentage scavenging of As(IIl) decreased with a further increase in equilibrium pH, which might be due to the competition of hy-
droxyl ions with As(Il) anion for the same scavenging sites. A similar ligand exchange type As(IIl) adsorption behavior was also
observed by Biswas et al. using Zr(IV)-loaded saponified orange waste [25].

3.3.2. Effect of contact time for As(III) scavenging

Fig. 5(A) shows the effect of contact time on the scavenging behavior of As(III) ions. It shows that As(IIl) scavenging rate is higher at
the beginning as there are a large number of scavenging sites. The rate gradually decreases and reaches equilibrium at 6 h, after which
there is no significant increase in the As(IIl) scavenging rate occurs. This is because of the fact that the As(III) scavenging sites in Zr(IV)-
SMP were nearly occupied. The scavenging rate is proportional to the number of vacant sites on the biosorbent surface [26]. Although
equilibrium was achieved within only 6 h, the solid-liquid mixture in other experimental works was stirred for 24 h to ensure complete
equilibrium. The pseudo-first-order (PFO), and pseudo-second-order (PSO) kinetic models were used to investigate the best fit model
during As(III) scavenging by Zr(IV)-SMP. Non-linear and linear equations for PFO (Egs. (4) and (5)), and PSO models (Egs. (6) and (7))
are respectively expressed as [27].

PFO model:

q=q.(1 —e™") €))

100
—s— RMP
—e— Zr(IV)-SMP
80
s 60
S
=
7}
&
X 40
20
0 1 T T T T T T T T T
0 2 4 6 8 10 12 14

Equilibrium pH

Fig. 4. Effect of pH for the uptake of As(III) onto RMP and Zr(IV)-SMP.
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Where,q. and q; are the As(III) biosorption capacity at equilibrium and at time t, respectively and k; and kj, are respective values of
rate constant for PFO and PSO.

The linear or straight line for the PFO model is obtained by plotting log(qe-q¢) versus time (Fig. 5(B)), whereas the PSO model is
obtained from the plot of t/qt versus time (Fig. 5(C)). The straight-line plots obtained from both isotherm models are used for the
determination of isotherm parameters, and the calculated parameters are listed in Table 1. The result shows that the coefficient of
determination for the PSO model (R2 = 0.99) is higher than that of the PFO model R? = 0.88). The As(IIl) scavenging capacity
determined using the PSO model (2.58 mg/g) is very much closer to the experimentally determined scavenging capacity (2.50 mg/g);
however, it is far from the experimental value in the case of the PFO model (1.68 mg/g). This result strongly suggested that the As(III)
scavenging using Zr(IV)-SMP strictly follows PSO kinetics.

For further evidence, the experimental data were subjected to non-linear fitting. The kinetic parameters obtained from linear fitting
were used to determine the As(III) scavenging capacities at different time intervals and plotted together with experimental data as
shown in Fig. 5(A). The value of As(III) uptake capacity (qe) determined from the non-linear fitting of the PSO kinetic model agreed
better with the experimental uptake capacity (q.) compared to As(III) uptake capacity (qe) determined using the PFO model. Therefore
from all of these findings, it is confirmed that the scavenging kinetics of As(II) follow the PSO kinetic with the chemisorption
mechanism.

3.3.3. As(Il) scavenging isotherm

Fig. 6(A) shows the relationship between the As(III) uptake capacity of Zr(IV)-SMP as a function of equilibrium concentration. The
result demonstrates that the scavenging of As(III) onto Zr(IV)-SMP increases as the equilibrium concentration of As(III) ions increases,
then reaches a plateau value at higher concentrations. When the equilibrium concentration increased from 5.15 to 356.49 mg/L, the As
(II) scavenging capacity increased from 2.52 to 34.52 mg/g. The mass transfer driving force increased with the increase in As(III)
concentration, which thereafter enhanced the concentration gradient. Hence, a large number of As(IIl) ions move from the bulk of the
solution to the surface of Zr(IV)-SMP that finally increases the As(III) scavenging capacity [28]. The formation of the plateau at higher
concentrations is the characteristic of Langmuir-type monolayer formation, which will be further proved by isotherm modeling as
follows. Two isotherm models, namely the Langmuir and the Freundlich, are employed here to analyze the experimental data of As(IIl)
scavenging by Zr(IV)-SMP. Non-linear and linear equations for the Langmuir isotherm (Egs. (8) and (9)) [29], and the Freundlich
isotherm models (Egs. (10) and (11)) [30] can be expressed as.

Langmuir isotherm model
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Fig. 5. Bio-scavenging kinetics of As(III) using Zr(IV)-SMP from aqueous medium.
Table 1
Experimental and calculated kinetic parameters for scavenging of As(III) onto Zr(IV)-SMP.
Kinetic models Evaluated kinetic parameters Zr(IV)-SMP
Pseudo-first order (PFO) k; (1/min) 0.015 + 0.007
Qe, cal. (mg/g) 1.68 + 0.103
Qe, €xp. (mg/g) 2.46 +0.43
R? 0.88
Ve 0.36 + 0.023
RMSE x 1072 0.26 + 0.005
Pseudo-second order (PSO) ko (g/mg min) 0.020
Qe, cal.(mg/g) 2.58 +£0.32
R? 0.99
Qe, exp. (mg/g) 2.46 + 0.43
$ 0.56 + 0.065
RMSE x 1072 0.04 £+ 0.007
__gmax b C, (8
¢ 14bC,



D. Gyawadli et al.

(A) (B)

Heliyon 10 (2024) e36496

601 16 1 y = 0.5066x +0.3695 .
T %
R*=0.97 ,_.-0
50 - - 14 4 *
*
12 - "
3 10
<
K
0%
—— Freundlich non-linear plot
—— Langmuir non linear plot 05 4 s
04d ¢
y T T T v T v T T T ¥ T v T
200 300 400 500 600 00 05 10 15 20 15
bgC
C, (mg/L) -
Q) .
¢ vy =0.0266x + 0.966
R'=0.9
. ""‘».
S ¢ b
]
IS S
_’,9
.
>
0 T T T T T T
0 50 100 150 200 250 300 350
C, (mgL)

Fig. 6. Bioscavenging isotherm of As(III) using Zr(IV)-SMP (A) experimental plot, (B) Friendlich isotherm plot, and (C) Langmuir isotherm plot.
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Freundlich isotherm model
q. =KeC}/" (10)

logq, =log Kr + (1 /n)log C. an
where q. (mg/g) and q; (mg/g) are the As(III) uptake capacity at equilibrium time and at time t, respectively, and quax (mg/g) is the
maximum As(III) scavenging capacity of the investigated biosorbent. The constant b is the Langmuir equilibrium constant related to
binding energy, whereas Kg is the Freundlich constant representing the intensity of adsorption. The Langmuir isotherm is obtained by
plotting Ce/qe against C. (Fig. 6(B)), and the Freundlich isotherm is obtained by plotting log(qe) against log(C,) (Fig. 6(C)). Linear plots
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are obtained from both models, and the isotherm parameters obtained from both isotherm models are listed in Table 2. The coefficient
of determination in the case of the Langmuir isotherm model (R? = 0.99) is higher than the Friendlich isotherm model R? = 0.97),
which indicates that the experimental data is more closely fitted to the Langmuir isotherm than the Freundlich isotherm, depicting the
homogeneous distribution of active sites resulting in the formation of a monolayer of As(IIl) ions on the surface of Zr(IV)-SMP as
described by Langmuir theory [31]. The value of 1/n from the Freundlich model is obtained in the range between 0 and 1, which
suggested that the As(IIl) scavenging process using Zr(IV)-SMP is favorable. To further confirmation, the experimental data were
analyzed using the non-linear equations of the Langmuir and the Freundlich isotherm models. The As(III) uptake capacity determined
from non-linear modelling for each concentration is plotted together with experimental data as illustrated in Fig. 6(A). The results
showed that the As(III) uptake capacity determined from the non-linear fitting of the Langmuir isotherm model closely resembled with
the experimental data of As(II) uptake capacity compared to Friendlich model. All of these facts indicate that the As(III) scavenging
onto Zr(IV)-SMP occurred similar to the monolayer adsorption of gas on the surface of solid as described by Langmuir in 1916 [29].
The comparative study regarding the As(IIl) scavenging potential of investigated Zr(IV)-SMP with the maximum uptake capacity of
other biosorbents reported in the literature was done and presented in Table 3 [25,23,32-44]. The results revealed that non-modified
biomass such as tea waste, fungus, fish scale, biotite, and Morus alba leaves have low scavenging potential, whereas metal-loaded
biosorbents, especially Zr(IV)-loaded orange waste, Zr(IV)-loaded polyacrylamide hybrid material, and other biosorbents loaded
with rare earth metals possess a high potential for As(IIl) scavenging. Zr(IV)-SMP biosorbent investigated in the present work has
satisfactory As(IIl) scavenging potential compared to the majority of the biosorbents reported in the literature. In addition to this the
feed material for the production of Zr(IV)-SMP is waste material itself therefore, the Zr(IV)-SMP investigated in this work can be an
efficient, low-cost, and environmentally benign adsorbent for the remediation of arsenic from arsenic-contaminated water.

3.3.4. Effect of interfering ions

The arsenic-polluted water not only contains arsenic but also has other interfering anions such as chloride (Cl7), sulphate (SOz2),
and nitrate (NO3) in nature [45]. Arsenic forms inner-sphere complexes with these co-existing anions, reducing the interaction be-
tween the two anions. The effects are more pronounced with the change in pH and concentrations [46]. To know the influence of these
anions on the scavenging of As(IIl), their interfering effects should be known so that the influence of As(III) scavenging by investigated
Zr(IV)-SMP in the co-existing system was studied at different concentrations and the results obtained are shown in Fig. 7. The order of
interference observed is as follows: sulphate > nitrate > chloride. The reduction of the As(IIl) scavenging percentage of Zr(IV)-SMP in
the presence of these co-exisiting ions is due to the interference with the As(III) anions caused by the competition with As(III) for the
same scavenging site [47]. The results reveal that the sulphate caused the strongest interfering effect compared to the chloride and
nitrate, which may be due to the existence of more negative charge (di-anionic nature) and higher stability of sulphate and zirconium
(Zr**-S037) bond with loaded Zr(IV) in Zr(IV)-SMP.

3.3.5. Desorption of loaded As(III)

To identify the excellent desorbing solution, the preliminary desorption test was carried out by using 1M NaOH (basic solution), 1M
HCI (acidic solution), and 1M NacCl (neutral solution) at a solid-liquid ratio of 5 g/L. From this, it was found that NaOH is more effective
than HCI and NaCl. Only 18.37 % of As(III) was desorbed by NaCl, whereas HCI caused the trouble of Zr(IV) leaching from Zr(IV)-SMP.
Thus, these chemicals are not suitable desorbents. 1M NaOH desorbed 81.35 % of As(III). Thus, optimization of the eluent solution was
done using NaOH at different concentrations. Fig. 8 shows the %desorption of As(III) from As(III)-Zr(IV)-SMP at a solid-liquid ratio of
5 g/L using different concentrations of NaOH. The experimental results showed that the desorption percentage increased from 10.7 %
to 81.35 % on increasing the molar concentration of NaOH from 0.05 to 1M, and the highest percentage of As(III) desorption (94.30 %)
occurred using 2M NaOH. Therefore, 2M NaOH solution can be an optimum concentration of NaOH for effective desorption of
adsorbed As(IIl) ion from As(III)-Zr(IV)-SMP. It is inferred that NaOH provided hydroxyl ions in an aqueous medium, which is sup-
posed to be replaced or substituted by the As(III) anion from As(III) adsorbed Zr(IV)-SMP during the desorption process, as depicted in
Scheme 3.

Table 2
Models and experimental parameters of isotherm for scavenging of As(III) by Zr(IV)-SMP.
Isotherm models Evaluated isotherm parameters Zr(IV)-SMP
Langmuir isotherm Qm, exp(mg/g) 44,18 + 1.27
Gm,cal. (M/8) 45.34 &+ 2.63
b (L/mg) 0.026 + 0.0034
R? 0.99
P 0.029 + 0.0052
RMSE 0.38 + 0.017
Freundlich isotherm Kr (mg/g) 2.32 +0.48
n 2.70 £ 0.85
R® 0.97
¥2 755.28 + 9.38
RMSE 13.95 +1.29

11



D. Gyawadli et al. Heliyon 10 (2024) 36496

Table 3
Comparison of arsenic scavenging capacities of various biosorbents with investigated Zr(IV)-SMP.
Adsorbents Arsenic species Qmax (Mg/g) pH References
Zr(IV)-SMW As(III) 45.34 10.18 This study
Zirconium oxide nanoparticles As(111) 83.2 7.0 [13]
Zr(IV) loaded SOW As(I1I) 130 10.0 [20]
La(II)-SWR As(111) 37.73 12.0 [24]
Iron Nano Bio-composite As(III) 1.04 6.0 [33]
Powdered almond shell (ALS) As(I1I) 4.6 7.2 [34]
Citrus limetta PAC — 500 As(I1D) 0.72 3.0 [35]
Citrus limetta PPAC - 500 As(11D) 0.53 3.0 [35]
Bacillus thuringiensis strain WS3 As(IIT) 10.94 7.0 [36]
Zr(IV)-polyacrylamide hybrid material As(1II) 41.48 [37]
Magnetic Nanocomposite As(I1I) 28 2.9 [38]
Pinecone Magnetite composite AS(IID) 16.8 8.0 [39]
Modified hazelnut shell As(I1I) 11.84 9.0 [40]
Iron Coated seaweeds As(1ID) 4.2 7.0 [41]
Iron-doped amino-functionalized sawdust AS(IIT) 10.1 7.0 [42]
ZrO, coated sawdust AS(IID) 29 7.0 [43]
LayO3 coated sawdust As(III) 22 7.0 [43]
Dried fine powdered biomass of Momordica charantia As(IIT) 0.88 9.0 [44]
90
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I Nitrate
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% Removal

0 10 50 100 200
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Fig. 7. Effect of interfering anions on the scavenging of As(IIl) by Zr(IV)-SMP.

3.4. Application of investigated Zr(IV)-SMP for the treatment of arsenic-polluted water

The public health in the Terai region is seriously threatened by arsenic contamination of the groundwater. The southwest to
southeast region of Nepal, particularly Sunsari, Saptari, Siraha, Dhanusha, Sarlahi, Rautahat, Bara, Nawalparasi, Rupandehi, Kapil-
bastu, Banke, Kailali, and Kanchanpur, have recently become a major concern due to high levels of arsenic in groundwater [10].
Arsenic contamination of groundwater at levels greater than 50 pg/L continues to have a detrimental effect on human beings.We have
gathered the arsenic-contaminated water from the Lumbini province of Nepal’s Nawalparasi district. This contaminated water initially
had 98.63 pg/L of arsenic, which is about 9.8 and 1.96 times higher than the WHO and Nepalese drinking water guideline levels,
respectively [11].

The residual concentration of arsenic as a function of Zr(IV)-SMP dosage is depicted in Fig. 9. It reveals that using only 1.5 g/L of Zr
(IV)-SMP for tested arsenic polluted groundwater sample lowered arsenic concentration levels less than the Nepalese drinking water
standard (50 pg/L), and its level is further lowered with the increase of Zr(IV)-SMP amount. More intrestingly, the tested Zr(IV)-SMP
effectively reduced the arsenic concentration below the WHO recommended threshold limit (10 pg/L) by using higher than 2.5 g/L,
and 100 % removal of arsenic from contaminated water can be achieved by using 6.25 g/L of Zr(IV)-SMP. As a result, it can be claim
that the investigated Zr(IV)-SMP could be an excellent material as high capacity, environmentally benign, and economic alternative for
the removal of trace amounts of arsenic from contaminated water.
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Scheme 3. Mechanism of As(IIl) desorption using NaOH solution.

100

Nepalese standard of

2 80+

E As(50 pg/L) in DW

= !

S 60 |

4

<

E

g 40 WHO standard of

& As(10 pg/AL) in DW
20 ‘

—T T T T T T T T T
o 1 2 3 4 5 6 7 8 9 10

Zr(IV)-SMP dose (g/L)

Fig. 9. Application of investigated Zr(IV)-SMP for the removal of arsenic from arsenic-polluted water.

4. Conclusions

The dried powder of RMP was first saponified with Ca(OH), and loaded with Zr(IV) to form Zr(IV)-SMP for As(IIl) scavenging from
water. The exchangeable proton in SMP was calculated to be 2.63 mol H+/kg from mass titration. The amounts of various functional
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groups such as carboxylic, lactonic, and phenolic were evaluated to be 2.5, 1.85, and 2.80 mol/kg, respectively, using Boehm’s
titration. The optimum equilibrium pH and contact time for Zr(IV)-SMP were determined to be 10.18 and 6 h, respectively. The
experimental data of As(III) scavenging by Zr(IV)-SMP were fitted to the Langmuir isotherm and PSO kinetic models, respectively,
which were further confirmed by non-linear fitting. A trace amount of arsenic that existed in contaminated groundwater was suc-
cessfully lowered down to the WHO drinking water standard by using 2.5 g/L of investigated Zr(IV)-SMP. A comparative study of the
maximum As(III) removal capacity of different reported biosorbents with investigated Zr(IV)-SMP shows that Zr(IV)-SMP is a
competitive and effective material for As(III) scavenging in aaqueous medium. The interfering effect of commonly co-existing anions
(such as sulphate, chloride, and nitrate) during As(III) scavenging shows that sulphate showed a significant reduction in the As(III)
scavenging percentage of Zr(IV)-SMP. Effective desorption of As(III) from As(III)-Zr(IV)-SMP could be done using 2M NaOH for its
regeneration. Therefore, the Zr(IV)-SMP investigated in this study might be utilized to treat polluted water containing trace amounts of
arsenic ions.
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