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Abstract

Commercialization of novel adsorbents technology for providing safe drinking water
must consider scale-up methodological approaches to bridge the gap between laboratory
and industrial applications. These imply complex matrix analysis and large-scale
experiment designs. Arsenic concentrations up to 200-fold higher (2000 pg/L) than the
WHO safe drinking limit (10 pg/L) have been reported in Latin American drinking waters.
In this work, biochar was developed from a single, readily available, and taxonomically

identified woody bamboo species, Guadua chacoensis. Raw biochar (BC) from slow

pyrolysis (700 °C for 1 h) and its analog containing chemically precipitated Fe;O,
nanoparticles (BC-Fe) were produced. BC-Fe performed well in fixed-bed column sorption.
Predicted model capacities ranged from 8.2-7.5 mg/g and were not affected by pH 5-9 shift.
The effect of competing matrix chemicals including sulfate, phosphate, nitrate, chloride,
acetate, dichromate, carbonate, fluoride, selenate, and molybdate ions (each at 0.01 mM,
0.1 mM and 1 mM) was evaluated. Fe;O4 enhanced the adsorption of arsenate as well as
phosphate, molybdate, dichromate and selenate. With the exception of nitrate, individually
competing ions at low concentration (0.01 mM) did not significantly inhibit As(V) sorption
onto BC-Fe. The presence of ten different ions in low concentrations (0.01 mM) did not
exert much influence and BC-Fe’s preference for arsenate, and removal remained above
90%. The batch and column BC and BC-Fe adsorption capacities and their ability to
provide safe drinking water were evaluated using a naturally contaminated tap water (165 £
5 ng/L As). A 960 mL volume (203.8 Bed Volumes) of As-free drinking water was
collected from a 1 g BC-Fe fixed bed. Adsorbent regeneration was attempted with

(NH4),S0O4, KOH, or K5PO, (1 M) strippers. Potassium phosphate performed the best for
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BC-Fe regeneration. Safe disposal options for the exhausted adsorbents are proposed.
Adsorbents and their As-laden analogues (from single and multi-component mixtures) were
characterized using high resolution XPS and possible competitive interactions and
adsorption pathways and attractive interactions were proposed including electrostatic
attractions, hydrogen bonding and weak chemisorption to BC phenolics. Stoichiometric
precipitation of metal (Mg, Ca and Fe) oxyanion (phosphate, molybdate, selenate and
chromate) insoluble compounds is considered. The use of a packed BC-Fe cartridge to
provide As-free drinking water is presented for potential commercial use. BC-Fe is an
environmentally friendly and potentially cost-effective adsorbent to provide arsenic-free

household water.

Keywords: bamboo biochar, Latin America, arsenic, breakthrough, competitive, XPS, iron

leaching

1- Introduction

Arsenic ranks 20th

in abundance in the Earth’s crust [1]. Arsenic (As) in soils,
sediments, and groundwater mainly occurs in pentavalent and trivalent oxidation states [1].
The primary source of As in natural waters is geogenic because As is mobilized by natural
geochemical processes [2]. Drinking groundwater contaminated with natural sources of As
is believed to be a major source of human exposure [3]. Excessive and prolonged exposure
to drinking water containing As may cause numerous health consequences because of its

mutagenicity, teratogenicity, and carcinogenicity [4-6]. Dermatitis, skin, lung and bladder

cancer, neurotoxicity, hypertension, cardiovascular and respiratory diseases, and Mellitus



75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

diabetes [7-9] are among the many health consequences associated with chronic inorganic
As exposure.

The human right to safe, clean, accessible and affordable drinking water has been
recognized in 2010 by the United Nations General Assembly (Res. 62/292). However, the
contamination of drinking water with As constitutes a global menace with high impact on
the poorest regions of the world [4-6]. In South America, about 14 million people drink As
contaminated [>10 pg/L[10] ] water [11], turning arsenic contamination into a primary
public health concern. At low concentrations, arsenate is tasteless, colorless and odorless
and the practical difficulty of directly correlating health effects with As intoxication has
allowed this problem to be neglected for years [3, 7, 12].

Expensive and/or multi-step treatment technologies, such as reverse osmosis,
coagulation and filtration, ion-exchange resins, are known to provide safe As-free water
[12-14]. As a result, the treatment of arsenic-contaminated water is of concern to small
communities in rural areas around the world, where untreated groundwater is the main
source of drinking water. These are often low-income communities that lack access to
water supplies, and their inhabitants are mostly unaware that an arsenic problem exists [14,
15]. Small scale, household level, low-cost treatments have been assessed. Among these,
heterogeneous photocatalytic [16], bioremediation [17], phytofiltration [18], in situ-
remediation using permeable reactive barriers [19], geological materials such as natural
adsorbents [11], or engineered biochars [20-22], have been explored. However, there is no
universal method available when assessing appropriate technologies for small communities
in rural areas. The choice depends on the physicochemical and microbiological composition
of waters to be treated [4, 14]. In addition, cheap, easy-to-use, eco-friendly technologies

necessarily rely on locally available materials [12, 14].
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Functionalizing an adsorbent for aqueous pollutants remediation primarily requires
screenings in mono-element aqueous systems. This screening involves dose/volume, pH
dependence, kinetics, isotherms and column studies. Results including fast kinetics and/or
high adsorption capacities and/or regeneration abilities are the basic needed performance
characteristics which at first glance manifest the eligibility of an adsorbent for the screened
purpose [23]. Different carbonaceous-based adsorbents demonstrated potential eligibility
for pollutants remediation such as for heavy metals [24, 25], oil spills [26],
pharmaceuticals [16] and aromatic organic compounds [27]. To bridge the gap between lab
results and industrial applications further scalability performance tests are needed.
Comprehensive multi-component testing, sorption experiments in natural pollutant
concentration media, real water tests and large-scale column tests should be assessed. Very
recently Singh et al. [28] presented a mechanistic study at low As(IIl) concentrations (50—
1000 pg/L) to demonstrate sorptive As(II) removal at concentrations usually present in the
actual water bodies.

Guadua chacoensis (Rojas Acosta) Londofio & P. M. Peterson [29] is a woody
bamboo (Poaceae, Bambusoideae, Bambuseae) native of South America growing in
southeastern Bolivia, Paraguay, Brazil, Uruguay and Argentina. It grows in marginal and
gallery forests [30, 31]. Its foliage leaves have been proposed as forage (Panizzo et al.,
2017), and their mature culms used in construction and crafts [32, 33]. Alchouron et al.
(2020) reported that G. chacoensis young discarded culms are suitable for biochar
synthesis, transforming this valueless waste into biochar adsorbents and iron-oxide
dispersants for arsenate removal. This enabled a productive use of the widely available and

otherwise wasted clumps.
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The aim of this work was to systematically study arsenic removal from polluted
drinking water by Fe;O4 nanoparticles dispersed on G. chacoensis bamboo biochars from a
technology transfer.

These goals take into account the following:

1- Applications of modified/engineered biochars are lacking in Latin America [12]

2- Native plantations are beneficial for biodiversity restoration and environmental
health [34]

3- G. chacoensis bamboo is a wide ranging South American native species whose
interest for its sustainable exploitation has grown over the years with increasing
knowledge of its uses [32, 33, 35, 36]

4- Fe;04/G. chacoensis bamboo biochar composites demonstrated remarkable As(V)
Langmuir adsorption capacities (39-868 mg/g), and robust removal over a 5-9 pH
window [37]

5- Systematic experiments are needed to design scaled-up technologies for large-scale

implementations [12]

Large scale fixed-bed column sorption at different pH’s (5, 7 and 9), breakthrough
curve modelling capacities, and bed regenerations employing three As aqueous stripping
agents (ammonium sulfate, sodium hydroxide and potassium phosphate) were quantified.
Two adsorbents were employed, raw G. chacoensis biochar (BC) and its BC-Fe analogue
containing chemically co-precipitated Fe;O4 nanoparticles dispersed on the biochar
surfaces. The effect of competing ions on As(V) adsorption was studied in the presence of
other anions (sulfate, phosphate, nitrate, acetate, chromate, molybdate, selenate, carbonate,
fluoride and chloride) at three different concentrations (0.01, 0.1 and 1 mM). The percent

removal of each ion, and the ability to provide safe drinking water from naturally As-
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contaminated waters was also assessed. Both batch and fixed-bed column remediations
were investigated. A comprehensive XPS study was performed to provide a better

understanding of competitive surface sorption mechanisms.

2. Experimental

2.1. Materials

All chemicals used were either GR or AR grades purchased from Sigma Aldrich
(Saint Louis, MO). A 1000 mg/L As(V) stock solution of was prepared by dissolving
HAsNa;04°7H,0 in deionized water. As(V) concentrations were determined using an
Inductively Coupled Plasma Mass Spectrometer (ICP-MS), Perkin Elmer SCIEX -ELAN
DRC II. Working solutions were freshly prepared before use by diluting the stock solutions
with deionized water, and the pH was adjusted to desired values with 0.1 M HCl or 0.1 M
NaOH (Hanna HI 2211 pH/ORP Meter). Disposable polypropylene funnels with Whatman
No. 1 filter paper were used to separate biochar from solution mixtures.

Bamboo-based biochar composites prepared from G. chacoensis clumps were used
in this study. Fragments (~45 cm from the base) were trimmed from growing discarded
young culms. These culms lack commercial value since they naturally crack and dry and
are specifically removed by producers to encourage wider culms in the growing clump.
Samples were obtained from three different geographic regions in Argentina: Corrientes
(Capital department); Corrientes (Empedrado department); and Buenos Aires (Botanical

Garden of the Agronomy Faculty of the University of Buenos Aires).
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A previous study showed that ultra-high surface area is not required in a biochar for
high arsenic sorption [37]. Therefore, expensive and time consuming chemical activation
was not done as a pre-treatment. Raw G. chacoensis biochar (BC) and its chemically co-
precipitated iron-nanoparticle dispersed analogue (BC-Fe) were synthesized following the
same protocol as described by Alchouron et al (2020). Briefly, room temperature dried, 0.5
- 1 cm milled particles of G. chacoensis culms were subjected to a slow pyrolysis
carbonization [700 °C (10 °C/min), held for 1 h and cooled to ~25 °C ] under a N,
atmosphere (10 mL/min), in a tubular muffle furnace (O.R.L, Argentina) inside a steel
reactor (AISI 310). The resulting BC (Sggr 6.7 m?/g) was ground, sieved to particle size
range of 5-1 mm, and stored in hermetic plastic bags. Pyrolysis temperature was chosen
based on prior knowledge of this bamboo charcoal's specific surface area development
versus temperature [38].

Magnetite nanoparticle deposition onto BC was performed following a proven
method [39]. Solutions of Fe(IlT) and Fe(Il) were prepared separately by dissolving FeCl;
(~100 g) in ~3.9 L distilled water and FeSO,*7H,0 (~160 g) in ~0.45 L of distilled water
with stirring for 15 min at ~25 °C. Solutions were combined, agitated (200 rpm) at ~60 °C
for 15 min, then slowly added into a 150 g BC suspension while stirring (50 rpm) for 30
min at ~25 °C. Mixture pH was raised to ~10 by adding ~0.15 L of 10 M NaOH dropwise.
The mixture was then stirred (50 rpm) for 1 h and aged at room temperature for 24 h. The
resulting Fe;04/BC hybrid (BC-Fe-Sgrr 28.9 m?/g) was thoroughly vacuum-filtered and
washed with distilled water, followed by three ethanol washes, and drying overnight at 70
°C. The pH of the distilled water washings was monitored until it stabilized at 6.9. During
the experiment period, both BC and BC-Fe were stored in glass beakers inside a hot air

oven at 70 °C. The main characteristics of BC and BC-Fe, i.c., Brunauer-Emmett-Teller
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(BET) surface area, point of zero charge (PZC), and ultimate and proximate analysis were
included in Alchouron et al (2020). The resulting Fe;0,/BC hybrid contained wt. 74.2 %

Fe;04 and 25.7 wt. % (See supplementary material).

2.2. Artificial As(V)-water sorption studies

2.2.1. Large-scale column breakthrough studies

Fixed-bed continuous flow adsorption studies were conducted and breakthrough
curves were constructed to assess the potential of BC-Fe in scaled-up applications [40, 41].
Solution pH on column sorption performance was evaluated at pH 5, 7 and 9, covering the
pH range of most As-contaminated underground waters [42].

Three columns (i.e., one for each pH solution) were packed in 3 cm internal
diameter glass burettes, using a warm aqueous mixture of 18 g of BC-Fe (15 cm height).
Columns were top pressurized at 1.1 bar to maintain a 4 mL/min steady flow (2.26 BV/h). 8
L of a 100 mg/L As(V) solution was passed through each column at 25 °C. Elute was
collected in 200 mL allotments and examined for arsenate concentration. Packed bed
breakthrough curves were used to determine the volume of effluent treated, the column
exhaustion point and the pH effect on these variables. The bed volume (BV) was calculated

from the expression [43]:

Bed volume = mR%h

where R is the radius of the column and h is the bed height.
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2.2.2. Effect of competing ions in water studies

Ions present in natural waters may compete with arsenic for adsorption [44-46].
As(V) adsorption onto BC and BC-Fe was investigated in the presence of sulfate,
phosphate, nitrate, chloride, acetate, dichromate, carbonate, fluoride, selenate and
molybdate. These ions were selected based on the following criteria: similar chemistry to
arsenate (phosphate, dichromate, selenate, molybdate and sulfate) and their typical presence
in natural waters (nitrate, chloride, acetate, carbonate and fluoride). The effect of each ion
was explored at three different concentrations (0.01, 0.1 and 1 mM) with 10 mg/L As(V)
[0.07 mM of AsQ; ~ ]. Then, the simultaneous effect of all 10 ions on arsenic adsorption
was studied at three different concentrations (each ion is present at 0.01, 0.1 or 1 mM) to
three separate solutions containing 10 mg/L As(V) [0.07 mM of As0; ~ ]. In all cases,
experiments were done in triplicate with 50 mg of adsorbent (BC or BC-Fe) in 25 mL
solutions at 25 °C, for 2 hrs while mixing at 300 rpm. Post agitation mixtures were
separated by filtration and remaining arsenic concentrations were quantified.

To better understand competitive adsorption, ions remaining in solution after
adsorption were quantified using atomic absorption (chromium), ICP-MS (molybdate and
selenate), ion selective electrodes (chloride and fluoride), liquid chromatography UV-Vis
(nitrate) and UV-Vis (phosphate). Sulfate, acetate and carbonate where not determined due

to unavailability of suitable analytical equipment.

2.3. As-contaminated domestic water sorption studies

10
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Arsenic (0.17 £ 0.01 mg/L) contaminated water was collected from a domestic
faucet in Altamirano (35°21'46.2"S, 58°09'18.8"W), Buenos Aires, Argentina. Prior to
collection, the faucet was open to continuous water flow for 3 min. The sample was
collected in plastic bottles, hermetically sealed, and stored at -4 °C for transport and during

the experimentation.

2.3.1. Batch studies

Arsenic adsorption by BC and BC-Fe, was determined for this domestic water. The
biochar dose (0.01 to 0.5 g) and the biochar/solution contact temperature (5, 25 and 40 °C)
were simultaneously evaluated in triplicate. Biochars were equilibrated with 50 mL of
water at 300 rpm for 120 min. Experiments were done in triplicate and standard error bars

were included in all plots using the standard deviation of these replicates.

2.3.2. Column studies

A BC-Fe fixed-bed continuous flow arsenic breakthrough curve was obtained to
evaluate the dynamic behavior of the adsorbent in As-contaminated domestic water. The
column was packed in a 1 cm internal diameter glass burette using a warm mixture of
distilled water and 1 g of BC-Fe (6 cm height). A total volume of 8 L of water was passed
through the column at 25 °C at a steady flow of ~ 4 mL/min (50.9 BV/h). Samples were
collected in 150 mL allotments and examined for arsenic. Based on BC's capacity and

results in section 2.3.1, experiments were not performed on BC.

11
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2.4. Adsorbent regeneration and iron leaching studies

Regeneration of BC and BC-Fe were studied by equilibrating the As-laden biochars
with three aqueous stripping agents separately: ammonium sulfate, potassium hydroxide
and potassium phosphate. Biochars were first loaded in batch experiments with arsenic
solutions (50 mL of 100 mg/L As(V)) and were equilibrated (300 rpm, 1 h) at pH 7 with
0.1 g of biochar at 25 °C. Batch desorptions were carried out by stirring (300 rpm, 12 h) the
As-laden BC and As-laden BC-Fe with 50 mL solutions of each stripping agents at 1 M.
Sorption-stripping cycles were performed three times. Filtrates were analysed for arsenic
and mass balance was used to quantify the amount of arsenic adsorbed or desorbed.

Iron dissolution from BC-Fe was studied by completing three batch sorption
equilibria (1 g of BC-Fe, 50 mL of 1000 mg/L As(V) at 25 C, vortex shaking for 2 mins)
and then stripping (1 g of BC-Fe, 50 mL of 1000 mg/L As(V) at 25 C, vortex shaking for 2
mins) with 1 M potassium hydroxide, potassium phosphate, sodium hydroxide, and sodium
chloride. Filtrates were analyzed for iron using a Shimadzu AA-7000 Atomic Absorption
Spectrophotometer (AAS). Experiments were done in triplicate and standard error bars
were included in all plots using the standard deviation of these replicates.

2.5.Characterisation

2.5.1. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) analyses were run on a Thermo Scientific
K-Alpha XPS system with a monochromatic X-ray source at 1486.6 eV, corresponding to

the Al K,, line, with a spot size of 400 pm?. Photoelectrons were collected at a takeoff angle

12
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of 900 relative to the overall sample’s fractal particle surface. Measurements were made in
the constant analyzer energy mode. The survey spectra were taken at a pass energy of 200
eV. High resolution (HR) core level spectra were taken at a 40 eV pass energy. The XPS
data acquisition were performed using the “Avantage v5.932” software provided with the
instrument.

2.5.2. Magnetic moment

Magnetic hysteresis measurements were carried out on a Lake Shore 7304 Vibrating
Sample Magnetometer (VSM). The magnetic properties of the adsorbents are represented
by plots of magnetization (M) against the field strengths (H) giving the hysteresis loop. The

saturation magnetization was measured from the hysteresis curve.
3. Results and discussion

3.1. Simulated As(V)-water sorption studies

3.1.1. Large-scale column breakthrough studies

The fixed bed column performance for arsenates removal depends on the column’s
capacity as a function of initial adsorbate characteristics, flow rate, and bed height [47]. For
the three As(V) solutions (pH 5, 7 and 9), the As(V) retained (mg/g) in the column was
determined by mass balance calculations and integrating the breakthrough curve area (from

to to t) obtained by plotting the concentration ratio (C/Co) versus flow time (min) (Figure
1.a). The breakthrough time (t,) is defined as, C/C, being ~ 0.01 (1%) of the influent and

the equivalent to 0.01 mg/L of As(V) eluted, which coincides with the WHO’s maximum
permissible arsenic limit. The bed volume (BV) of the fixed bed was of 106 mL. Thus, the

steady 4 mL/min flow rate is equivalent to a 2.3 BV/h. Complete saturations of the bed

13
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occurred after 27, 35, and 25 BV for pH 5, 7 and 9, respectively. The predicted model
capacities were 8.2, 8.4 and 7.5 mg/g for pH 5, 7, and 9, respectively. Results were then
verified by mass balance calculations. Complete column performance descriptions are
presented in Table 1. The pH influenced capacities only slightly [(3.9 mg/g (mass balance
calculations) or 1.0 mg/g (breakthrough curve integration)]. Previous G. chacoensis’s BC-
Fe’s batch adsorption studies were also not significantly affected within the pH (5-9) range
[37].

The ratio between time equivalent to usable capacity and time equivalent to total
stoichiometric capacity (t,/t; = Hp/H¢) is the fraction of the total bed capacity or length
utilized up to the breakthrough point. Hence, the bed length of H;, H), is the length upon
reaching the breakpoint [40]. Usable bed lengths varied with 5-9 pH between 8.7 to 11.3
cm (Table 1). When the polluted water is initially passed through the inlet of the column,
the mass transfer zone is accomplished by the upper layers of the fresh adsorbent [48]. At
this point C/Cy = 0. While feeding the As(V) further into the column, the sorbent sorption
sites gradually saturate, and the mass transfer zone travels, descending to un-adsorbed
zones [48]. At the breakpoint, the fractions of the total bed capacities used were 0.3 (pH =
5), 0.4 (pH =17), and 0.3 (pH = 9). When the effluent concentration is close to the inlet

concentration [(C/C()~1.0] the breakthrough occurs, the bed is judged to be ineffective,

and regeneration is required.

14



326  Table 1. Fixed-bed continuous flow column test data for BC-Fe at pH 5, 7 and 9 and at 25
327 °Ca2
Column Column
Bed volumes capacity b capacity by Usable
Breakthrough Saturation until pacity by pacity by Unusable
. . . breakthrough mass column
point point saturation column length
curve balance length
(BV) . . .
integration  calculation
(min) (min) (mg/g) (mg/g) (cm) (cm)
pH9 214 660 25 8.2 7.2 10.1 4.9
pH 7 395 935 35 8.4 11.2 8.7 6.3
pHS 178 711 27 7.5 8.0 11.3 3.7
328  2Tests were carried out on 18 g of BC-Fe packed fixed-bed (15 cm) columns at 25°C,
329  pressurized at 1.1 bar. A total volume of 8 L of a 100 mg/L As(V), pH 5, 7 and 9 solution,
330  was passed through the column at an average flow of 4 mL/min.
331 Robust initial As(V) uptake was achieved by the fixed-bed column contacted with
332 the As(V) solution at pH 7 versus pH 5 and 9, and then rapidly decreased as the saturation
333  point is reached. At these experimental conditions, the column which the As(V) solution at
334  pH 7 had passed through, would achieve 1580 mL safe arsenic water (As<10 pug/L) up to
335  the column breakpoint, and by that time, BC-Fe would be laden with 0.5 mg/g of arsenic.
336 Previous experiments evaluating BC-Fe’s column performance at pH 7 gave a
337  column capacity of 10.2 mg/g from mass balance [37], while this current work showed an
338  11.2 mg/g capacity. The inlet concentration (100 mg/L) and temperature of contact (25 °C)
339  were similar in both experiments. Flow rate and column-heights were 3.4 times faster (from
340 1.18 to 4 mL/min) and 3 times longer (from 6 cm to 18 cm). It was presumed that this
341  chosen flow rate might have sharpened the breakthrough curve since the residence time of
342 the sorbate in the column was not long enough to reach equilibrium. However, the height
343 increase possibly compensated for this by increasing the sorption site density. Hence, the
344  increasing amount of BC-Fe leads to a longer adsorbate/ adsorbent interaction time.
345

15



346  Table 2. Comparison of fixed-bed column capacities with batch sorption capacities at 25 °C.

Carbonaceous Cinet Flow pH Column Column model predicted Batch  Batch/column
adsorbent rate capacity capacity Langmu capacities** References
calculates by ir
mass balance capacity
mg/L.  mL/mi mg/g Model mg/g  mg/g
n
Al-enriched Tetra Pak 135 1 3 18.3 Thomas 15.8 332 2.1 [49]
biochar
Fe-impregnated biochar 50 2 5.8 0.83 n/s n/s 2.16 2.6 [50]
Thioglycolated sugarcane 0.0015 3 6 0.08183 Thomas 0.083 n/d n/s [51]
carbon
Fe-mixed mesoporous 0.5 17 5 Thomas 0.43 54 12.6 [52, 53]
pellet
Iron oxide nanoneedle 0275 226 6.7 n/s Bed volumes n/s 93.94 n/d [54]
array-decorated biochar
fibers
Fe-Mn Granular 0.12 6 8.2 n/s Thomas 34 2.3 0.1 [55]
activated carbon 2
Fe impregnated granular ~ 0.25 10.8 n/s 0.47 n/s n/s 1.43 3.02 [56]
activated carbon
Algal derived-biochar 25.00 5 n/s 8.12 Thomas 8.16 7.67 0.9 [57]
Crawfish shell biochar 80 5 n/s Thomas 2.85 17.2 6.0 [58]
Bamboo Fe-biochar 100 1.18 7 10.2 Breakthrough curve 13.9 89.9 6.5 [37]
integration
Guadua chacoensis 100 4 3 leg Breakthrough curve g:i 1;/5 112)/.S 7 This study
Bamboo Fe-biochar integration
5 7.99 7.5 n/s n/s

347  *n/s=not specified. ** Calculated between the Langmuir and the model-predicted capacities for exception of (a) which were
348  calculated between Langmuir and mass-balance capacities since model-predicted capacityes were not determined [= batch Langmuir
349  capacity / column capacity].
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Column sorption data using carbonaceous sorbents for aqueous As(V) removal are
presented in Table 2. Initial adsorbate concentration (Ciyet), flow-rate, and pH were
reported for the best column performance capacity in each study. Higher C;,¢ values
resulted in earlier breakthrough and exhaustion times [48]. Increased inlet concentrations
generate a higher driving force to overcome mass-transfer resistance in the liquid phase,
and the adsorption sites are more quickly exhausted. This reduces the volume of the treated
effluent, but no direct relationship can be established between inlet concentration and
column capacity (Table 2). Nikic et al. studied a Fe-Mn granular activated carbon at 0.12
mg/L As(V) Cine at a relatively fast flow rate (6 mL/min). This gave a high 34 mg/g
column capacity. Ding et al studied Al-enriched Tetra Pak biochar at a 135 mg/L C;,cand a
relatively slow flow-rate (1 mL/min) resulting in a 15.8 mg/g arsenic column capacity [49,
55].

The reported Fixed-bed-Column-Capacity versus Batch-Langmuir-Capacity ratios
are shown in Table 2. With the exception of Nikic et al, fixed-bed capacities decreased to
12.6 times the batch sorption capacities. Senthilkumar et al reported similar capacities on
algal-derived biochar due to its rapid kinetics (< 30 min) [57]. Nikic et al reported a
surprise capacity increase from 2.3 mg/g (in batch studies) to 34 mg/g (in column studies)
[55]. However, the isotherm data was obtained for low (0.1-1 mg/L) arsenic concentrations.

A higher Langmuir capacity would probably have been obtained at higher concentrations.
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adsorption onto BC-Fe at pH 5, 7 and 9. C is the effluent concentration at time ¢t (min) and
Cy is the influent concentration (mg/L). Each column contained, 18 g of BC-Fe (15 cm
height) packed in 3 cm internal diameter glass burettes. A 4 mL/min (2.26 BV/h) steady
flow of a 100 mg/L As(V) solution was passed through each column at 25 °C. (b) The
simultaneous effect and (c) the individual effect of 10 ions (sulfate, phosphate, nitrate,
chloride, acetate, dichromate, carbonate, fluoride, selenate and molybdate) on As(V)
aqueous adsorption by BC or BC-Fe. The adsorbent’s capacity (q.) is expressed as the mg
of As(V) adsorbed by a g of biochar. Three different competing ion concentrations were
used (0.01, 0.1 or 1 mM) in three separate 10 mg/L As(V) solutions, 50.0 mg dose of
adsorbent, 25 °C, 300 rpm agitation and 2 h equilibration. The red dotted line is traced
based on the control ‘no ion’ treatment. (d) Quantification of competitive ions individually
after contacting each with BC and BC-Fe at three different concentrations (0.01, 0.1 and 1
mM) in a 10 mg/L aqueous As(V) solution. (d.i.) on BC and (d.ii.) on BC-Fe (50.0 mg dose
of adsorbent, 25 °C, 300 rpm agitation and 2 h equilibration). C¢/C; is the ratio of the final
(Cy) over the initial (C;) concentration. (b-d) Error bars are standard deviations of three
repetitions.

3.1.2. Effect of competing ions on As(V) removal from water

BC’s and BC-Fe’s arsenate removal was robust at natural water pH (5-9) [37].
Arsenate removal on water treatment will mainly vary with the existence of competing ions
present in surface and ground waters. BC and BC-Fe are both multiphase adsorbents with
three or four phases (i.e., biochar, silica, minerals like CaCO; and magnetite) that can
interact with other ions. An in-depth understanding is needed to systematically design

adsorbents for water treatment. Figure 1.c displays the effect of ten individually competing
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ions at low, medium and high concentrations (0.01, 0.1 and 1 mM, respectively) on As(V)
removal from aqueous 10 mg/L As(V) solutions by (c.i.) BC and (c.ii.) BC-Fe. In the
absence of any competing anions in water, BC-Fe’s As(V) equilibrium uptake was
complete (98% = 1.7), while BC’s sorption was 43 % + 3.8 under conditions summarized in
the figure 1.c caption.

Each competing anion either enhanced or decreased arsenate uptake on BC. MoO4 ~
, for example, increased As(V) uptake on BC. As(V) removal rose as molybdate solution
concentration increased. This could be due to the increased ionic strength of the solution.
Arsenate adsorption was being boosted by the time molybdate was also being retained
(Figure 1.d.1.). High chloride concentrations also enhanced As(V) sorption on BC. The
chloride solutions were prepared using magnesium chloride. It is possible the Mg?*
deposited on the biochar surface or in solution was responsible for forming a water
insoluble stoichiometric magnesium arsenate compound like Mg(HAsQOy), or (Mg3(AsOy),
[Ksp =8.16 x 10722] [59]. This was further verified with the XPS low resolution survey
spectra (Table S2) and further discussed in supplementary material (section 4). Similar
observations were reported by Fang [60] and Jiang, Chu, Amano and Machida [61] for
phosphate sorption in the presence of Mg?*.

Sulfate, phosphate, nitrate, acetate, dichromate, carbonate and fluoride decreased
BC’s As(V) uptake. Interestingly (with exception of sulfate), with the increase of ion
concentration from 0.01 to 1 mM, the arsenic removal remained unchanged. Presence of
sulfate strongly affected the immobilization of As(V) sorption on BC. A 0.01 mM of

sulphate had the same effect as 1 mM of phosphate or nitrate. The presence of Se0% ~ in

the solution did not affect As(V) sorption.
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Iron-oxide nanoparticles deposited BC (BC-Fe) exhibited different trends in
competitive sorption. The presence of C1~ and CH3COO ™ in solutions did not influence the
As(V) sorption. In addition, Cr,0% ~, F~ and Se0% ~ showed negligible effects on arsenic
sorption i.e., ~ 3 % decrease only at high ion concentrations. The point of zero charge
(PZC) for BC-Fe is ~ 4 and surface is negatively charged at the pH used in these
experiments (pH = 7). Higher electrostatic repulsion with negatively charged deprotonated
Fe;04 surface hydroxyls may occur at pH 7-9. With the exception of nitrate, low
concentration of ions (0.01 mM) did not show any significant As(V) sorption inhibition. At
a 1 mM competing ion concentration, the order of BC-Fe’s As(V) sorption drop was S03 ~

=Mo0j~ =P03~ >C05~ >NO;5 >Cr,05~ >F~ =Se0% . In the presence of | mM
sulfate, As(V) uptake dropped dramatically to ~ 30 %. Molybdate, phosphate and carbonate
(1 mM) dropped As(V) sorption to ~40, 40 and 45% respectively. The quantifications of
Mo0% ~ and PO3 ~ carried out after sorption are shown in section 3.1.2.2. At high
concentrations’ competition exist for sorption sites. Sulfate, molybdate and phosphate are
tetrahedral oxyanions as are arsenates and form inner-sphere chemisorbed complexes with
surface hydroxyl groups of deposited magnetite on BC-Fe [62-64].

The effect of the simultaneous presence of ten competing ions mixed together at
three different concentrations on the removal of 10 mg/L aqueous As(V) solution for BC
and BC-Fe is presented in figure 1.b. The presence of the ten ions even at 0.01 mM,
strongly affected BC’s As(V)’s sorption, lowering the removal from ~50% to ~22% under
conditions summarized in section 2.2.2. However, the increasing concentration (from 0.01
to 1 mM) and thus the increasing ionic strength of the system did not seem to have a

significant effect on sorption. The same trend (the robust maintenance of the arsenic
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removal despite the increasing concentration of ions) was observed for single ion
competitive experiments (Figure 1.c.i.). In contrast, the presence of ten ions in low
concentrations (0.01 mM) did not significantly influence BC-Fe's preference for arsenate,
and removal remained above 90% (Figure 1.b.). Subsequently, arsenate removal decreased
to 50% in the presence of ten ions in high concentrations (1 mM).

All in all, the influence over arsenic uptake in the presence of ions for BC is higher
than for BC-Fe. Although, they are both multiphase adsorbents, BC-Fe is dosed with
magnetite particles with surface iron hydroxyls. This adsorbent phase has higher affinity for
anion adsorption than that of carbonaceous char and silica dominantly present in BC [65,
66]. Magnetite particles, which serve as sorption sites, increase the surface for electrostatic
interactions that may generate stronger As-interactions in BC-Fe versus BC [21]. The
nature of As(III/V) chemisorption on magnetite has been carefully studied [20, 67]. In
addition, BC-Fe’s As(V) Langmuir adsorption capacity is higher than that of BC (90 and 49
mg/g, respectively) [37]. Thus, the relative contribution of each competitive ion over As-
removal by BC compared with BC-Fe is almost 1:2. The competitive effect of dissolved
anions in water must be taken into account when designing an effective arsenic treatment
system.

Competitive ion adsorption [in 10 mg/L As(V)] was quantified after stirring with
batch suspensions of BC or BC-Fe. The results of these quantifications are shown in figure
1.d. BC did not remove nitrate, chloride and fluoride. Phosphate and chromium were
slightly removed at high ion concentrations. Molybdate was partially removed and upon
increasing its concentration (from 0.0 to ImM), and its uptake rose (Figure 1.d.i.) as did

that of arsenate (Figure 1.c.i.).
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Both BC and BC-Fe removed phosphate and molybdate (Figure 1.d.). Arsenate,
molybdate and phosphate anions have a similar geometry and compete for the same
adsorption sites [20, 63, 64]. Competitive phosphate sorption with arsenate has been
reported for many types of adsorbents [50, 68]. Nitrates, fluoride and chlorides have lower
affinities for magnetite surface hydroxyls as their adsorption occurs primarily through
hydrogen bonding [69]. The possible sorption interactions of the competitive contaminants
and arsenic on BC and BC-Fe surfaces are further discussed, proposed and schematized in

section 3.4 and supplementary material (section 4).

3.2.Batch and column studies for arsenic sorption from As-contaminated

household water onto BC and BC-Fe.

Table S1 shows some characteristics of the natural water sample tested in this study.
All values of dissolved contents are within safe limits for drinking water with the exception
of arsenic (16 times over WHO recommended limit). Adsorption results are systematically
discussed considering the physical and chemical characteristics of the sample and the
possible interactions discussed in sections 3.1, section 3.4, and supplementary material
(section 4). Predictions of the amount of safe drinking water obtained without adsorbent
regeneration have been carefully made and are presented in the context of WHO’s As (<
0.01 mg/L) limit.

As(V) batch sorptions on BC and BC-Fe for a naturally As (0.16 mg/L + 0.02)
contaminated tap water using adsorbent amounts from 0.01 to 0.5 g and contact
temperatures of 5, 25 and 40 °C are displayed in figure 2.a. Increasing the adsorbent dose in

these 50 mL water samples had no effect on BC’s arsenic uptake but increased BC-Fe’s.
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BC was unable to reduce the arsenic concentration to safe levels or even close to safe
levels. However, BC-Fe in a 2 g/L dose (0.1 g of BC-Fe into 50 mL of solution) was
sufficient to provide safe drinking water at 40 °C. In a 5 g/L dose BC-Fe gave safe water at
all three temperatures.

The water sample had 58 mg/L (0.6 mM) of sulfate. This concentration is slightly
high considering the conditions simulated in section 3.1.2. The presence of sulfate dropped
As(V)’s uptake by both BC and BC-Fe (Figure 1.c.). Therefore, this level of sulfate may
explain the low BC arsenic uptake displayed in figure 2.a.

Sorption of As onto BC-Fe is endothermic. In simulated As-water systems,
Langmuir sorption capacities were reported to increase with temperature (90 mg/g at 25 °C
and 457 mg/g at 40 °C) [37]. Similar trends were observed for BC-Fe at both 1 (0.05 g) and
2 g/L (0.1 g) dose. However, at a dose of 2 g/L (40 °C) the safe drinking water limits have

been reached.
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Figure 2. (a) As(V) adsorption on BC and BC-Fe of a naturally As (0.16 mg/L £ 0.02)
contaminated water when varying adsorbent amount (0.01-0.5 g) and contact temperature
(5, 25 and 40 °C). Biochars were equilibrated with 50 mL of water at 300 rpm for 120 min.
Safe to drink water is defined here at 0.01 mg/L of As(V) as recommended by WHO. Error
bars are the standard deviation of three repetitions. (b) Continuous flow fixed-bed column
study of a naturally contaminated As(V) water sample passed at a ~ 4 mL/min flow rate (51

BV/h) onto 1 g of BC-Fe (6 cm bed height, 1 cm inner column diameter,) at 25 °C. (b.i.)
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Breakthrough curves for arsenate adsorption onto BC-Fe, (b.ii.) A plot showing the arsenic
in the water that has eluted from the column (mg/L) versus the mL of filtered water,
displaying the safe drinking water guideline for As defined by the WHO (< 0.01 mg/L).
The important components of the natural water used in the study is listed in the table inside
(Figure 2, b.1.) and the complete water analysis is displayed in Table S1.

A fixed-bed continuous flow adsorption study on BC-Fe was conducted to evaluate
the dynamic behavior of the adsorbent over naturally As-contaminated household water.
Packed bed performance was assessed using a breakthrough curve (Figure 2.b.). A
breakthrough point at 0.01 mg/L was established (Figure 2.b.i.) based on the WHO’s safe
drinking standard. A 960 mL volume of safe As drinking water, equivalent to 203.8 BV,
was collected (at the conditions described in section 2.3.2.) by using 1 g of BC-Fe

When the eluted arsenic concentration reaches > 0.01 mg/L, the BC-Fe adsorbent
must be replaced. Based on the mass balance calculations, 19.5 pg of As/g of BC-Fe would
be adsorbed onto BC-Fe at this point. If these residues were to be disposed of, according to
the toxicity-specific leaching procedure (TCLP) developed by USEPA [70], there would be
less arsenic than the maximum limit accepted (100 times the acceptable limit in drinking
water, i.e., 1000 pg/L). Countries such as Argentina [71] rely on this regulation in order to
determine whether solid residues (in this case 19.5 pg/g As adsorbed on BC-Fe) are
hazardous or not hazardous. Thus, since this is considered a non-hazardous residue, BC-Fe
can be disposed of inside a household bin (see supplementary material, section 3).

A simple cartridge-based devise for domestic water treatment with this biochar/iron
oxide adsorbent with commercial implications appears in the supporting material (Section

6). Testing of low-cost designs is underway for home-level arsenic remediation.
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3.3. Adsorbent regeneration

BC and BC-Fe reusability was studied by conducting three consecutive batch
sorption-regeneration cycles using either aqueous ammonium sulfate, aqueous potassium
phosphate or aqueous potassium hydroxide as stripping agents (Figure 3.). Biochars were
first loaded in batch loadings with arsenic solutions (50 mL of 100 mg/L. As(V)) and were
equilibrated (300 rpm, 1 h) at pH 7 with 0.1 g of biochar at 25 °C. After the first adsorption
cycle, no As(V) was detected in remaining solution. Hence, BC-Fe adsorbed all arsenic
present in the solution used to load the adsorbent for regeneration in the next step (qmax of
50 mg/g). The BC adsorbed a total of 15 mg/L (qumax of 7.5 mg/g). To compare adsorbents
and sorption performance during sorption-regeneration cycles, qmax Values were considered
to be 100 % of the As adsorbed. BC-Fe’s and BC’s Langmuir arsenic adsorption capacities
are 90 mg/g and 49 mg/g, respectively [37]. Regenerations when the maximum adsorbent
capacity is not completely As-saturated may be more challenging. The first
adsorbent/adsorbate contact occurs at sites where interactions are strong (bidentate) thus
not as available for stripping agents to affect their interactions [20, 37].

When employing all three stripping agents over the As-laden BC, the amount of
stripped arsenic is low (Figure 3. a-c). In the first cycle, potassium hydroxide managed to
strip 37 % of the adsorbed arsenate from BC, while potassium phosphate and ammonium
sulphate stripped 20 % and 2 % respectively. Basic pH shift due to hydroxide affected
As/BC chemisorption. After the 1% cycle of treatment with either 3 stripping agents, BC’s
arsenic uptake is reduced to ~ 50 %. Surprisingly, the adsorption percentage is maintained

after the 2" and 3" cycles. Portions of As get tightly bound and resist stripping, thus
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reducing As uptake cycle by cycle, but as the capacity of biochar does not collapse, arsenic
can still be adsorbed.

For BC-Fe, the study carried out using potassium phosphate (Figure 3. e.) as a
stripping agent displayed a different trend than that shown when employing ammonium
sulfate or potassium hydroxide (Figure 3. d., f.). Potassium phosphate was a superior
stripping agent and the ratio of stripped arsenic was 0.8 and 0.5 for 1% and 3™ cycles.
Phosphates and arsenates compete for adsorption onto magnetite. Cycle to cycle, portions
of As become tightly bound and resist stripping, thus reducing As uptake. Arsenic stripped
by ammonium sulphate and potassium hydroxide in the 1% cycle only accounted for ~ 17 %
and ~ 10 %, laden As respectively. Although BC-Fe was loaded with all available As in
solution (gumax of 50 mg/g), it is not its saturation capacity (90 mg/g) and therefore does not
prevent the loading of more arsenic. Thus, its Langmuir arsenic adsorption capacity is not
reached up to the 2" cycle and explains As the adsorption decrease in the 3™ cycle.

Biochar’s application will determine the most appropriate regeneration agent. It is
difficult to determine whether BC or BC-Fe are more easily regenerated. In this work, any
of the three stripping agents managed a total adsorbents regeneration. This reveals the
stability of the As(V)-Fe;04-BC or As(V)-O-BC hybrid adsorbents. The order of % As
stripped per stripping agent used is ammonium sulfate < potassium hydroxide < potassium
phosphate (Fig. 3. a.,d.). Potassium phosphate is best for BC-Fe. Strong acids or bases like
HCI and NaOH proved to be good As stripping agents [72, 73] and should be considered if
desiring a complete adsorbate/adsorbents regeneration. However, at highly acidic or basic

concentrations, Fe>* and Fe3" can be leached from iron oxides and reduce the ability to use
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adsorption/regeneration-cycles. The logic followed in Section 3.2 (TCLP) should be

followed.
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Figure 3. Sorption-regeneration studies: the wt % of As (V) removed from the

solution (adsorbed) and stripped from the adsorbent (regenerated) during 3

adsorption/regeneration cycles by BC and BC-Fe using three different 1M stripping agents

[ammonium sulfate (a, d), potassium phosphate (b, €), and potassium hydroxide (c and f)].

The 100 % is based on an As adsorption g, of 7.5 mg/g for BC (a-c) and of 50 mg/g for

BC-Fe (d-f) and g). Quantification of the iron leached (mg/L) from BC-Fe to the solution is

shown during three consecutive adsorption (A)-regeneration (R) cycles utilizing four

different stripping agents: KOH, K;PO,4, NaCl, and NaOH. Experiments were run in

triplicate, at 25 °C, equilibrated for 2 min (full speed vortex shaking) using 1 g doses of

adsorbent, in 50 mL solutions. As(V) adsorption cycles were performed in a 1000 mg /L

solution and desorption (regeneration) cycles in a 1 M solution of each stripping agent.

Error bars are for 3 replicates.

Figure 3g displays quantifications of the leached iron (mg/L) from BC-Fe to the

solution during three consecutive adsorption(A)-regeneration(R) cycles utilizing four
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different stripping agents (KOH, K5PO,, NaCl and NaOH). Partial dissolution of iron from
the sorbent was higher during contact with the high concentration 1000 mg/L-As(V)
saturated solution than with the 1M stripping agent solutions in all three adsorption-
regeneration cycles. In the 2" adsorption cycle, the iron leached into the solution
previously contacted with K;PO,4 was 9.6 mg/L. This amount was way greater than the
previously contacted with KOH (3.98 mg/L), NaCl (1.7 mg/ L) and NaOH (1.3 mg/ L).
Material characteristics were modified more potassium phosphate stripping. This may
affect the efficiency of the spent sorbent regeneration. No significant differences existed
among the adsorption or among the regeneration treatments in the 3" cycle’s Iron leaching.
Iron leaching in the 3™ regeneration cycle was null. BC-Fe’s contact with both NaCl and
NaOH solutions had the least effect over iron leaching.

In high acid or base solution concentrations, Fe?* and Fe3" are partially leached from
iron oxides, reducing the ability to use several adsorption/regeneration cycles. Additionally,
stoichiometric As-Fe compounds may be formed and precipitated from the solution and
deposition on BC-Fe. This can be intensified in As saturated concentrations. Experiments
exploring iron leaching from the sorbents with different As concentrations will be further
assessed.

3.4.XPS characterization, adsorption pathways and mechanisms

XPS probed the elemental composition and oxidation states of the BC and BC-Fe
surface regions after sorption of multi-ion mixtures at 0.01, 0.1 and 1 mM. These mixtures
contained sulfate, phosphate, nitrate, chloride, acetate, dichromate, carbonate, fluoride,
selenate, and molybdate. The high resolution XPS As2p, Cr2p, Se3d, Mo3d, and P2p spectra

obtained were each deconvoluted; peaks were assigned and displayed in figures 4, S3-S7.

30



619

BC-Fe + As(V) + 1 mM ion mixture

6000, (c) Se 3d
/ o 4500 .
m\ § SeO;
'\/ \ 2
L 3 3000
1§ =
o et
2 -
1500

Binding Energy (eV)

The possible sorption interactions and pathways of the competitive contaminants

620
621  4).
(a) As 2p Feosn,
29500- e
5 \ »  garso| Fe-O-Cr,
&29000’[“/\ . /\r &
B o FAT AN
: vl 28500
@ H,AsO, 2
‘328500- . 2’ g
£ HAsO; Fe-O-AsO H ‘ -
280001 —, | I
rRen 1328 1326
Binding Energy (eV)
50004 (d) Mo 3d
) Fe-O-MoO;, . MoO,*
G 40001 Fe-O-MoO,H
g jh\'i \\ Fe-o'Moo3|-I
3000 /N
= i
MoOf’ \ s
2000 : l l
a 231 228
Binding Energy (eV)
622
623
624
625 (d)Mo3d, (¢) P 2p.
626
627
628
629

HSeO;, \

Their binding energies, atomic percentages and FWHMs are presented in Table S3. XPS

write up, deconvolution and interpretations are presented in supplementary material (section

60 58

(e)P2p

30807 Fe0p

w

o

€ 2860

2>

i

c

8 2640-

E

2420- : :
136 134 132

Binding Energy (eV)

multi-ion mixtures at 1 mM (CPS-Counts for second) for (a) As 2 p, (b) Cr 2p, (c) Se 3d,

through electrostatic attractions, hydrogen bonding and weak chemisorption to BC

56 54

Binding Energy (eV)

Figure 4. Deconvoluted high resolution (HR)-XPS BC-Fe laden with 10 mg/L As(V) plus

and arsenic on BC and BC-Fe surfaces are summarized in scheme 1. Interactions can occur
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phenolics. On iron oxide surface chemisorption dominates for phosphate, molybdate,
selenate, sulfate and chromate. Electrostatic attractions and hydrogen bonding may play a
role in carbonate, nitrate, fluoride and chloride sorption. In addition, the stoichiometric
precipitation of metal (Mg, Ca and Fe)-oxyanion (phosphate, molybdate, selenate and

chromate) insoluble compounds has to be considered.
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Scheme 1. Schematic representation of possible interactions of arsenate and competitive

contaminants ions on BC and iron oxide phases of BC-Fe

The As(V) chemisorption mechanism onto magnetite is summarized in scheme 2.
As(V) adsorbs on magnetite’s 111 outer planes as monodentate links to a single iron or via
bidentate binding to a single iron atom or to two adjacent surface iron atoms. Associative or
dissociative pathways could exist. The crystal chemistry and DFT calculations presented by
Sherman and Randall [74] defined the possible surface arsenate structures and their

conjugate acids chemisorbed onto various iron oxides (goethite, ferrihydrite, hematite and
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lepidocrocite) as bidentate corner-sharing complexes (>C), edge-sharing (°E) and
monodentate corner-sharing ('V) complexes. EXAFS and XANES As(III) studies can be
similarly compared to As(V) adsorption of magnetite by the formation of bidentate
binuclear corner-sharing complexes (>C) [28, 75, 76]. The possible chemisorbed arsenate
surface species versus solution pH are shown in Scheme X. The 3-D octahedral structure
shown is simplified as structure 1. These chemisorbed species have been widely proposed
from several experimental and theoretical studies. Monodentate neutral 2, monodentate
monoanion 3, and dianion 4, can exist along with bidentate neutral 5, and bimetallic
bidentate anion 6 depending on solution pH. Also, bidentate monometallic complexes at
edges or corners are possible (7-10), but their stabilities have not been established.
Tridentate trinuclear corner-sharing (3C) complexes (11) were favored for As(III) on

magnetite [76]. Tetrahedral vacancies might allow tridentate As(V) adsorption [77].

33



656

657

658

659

660

661

662

663

664

Acidic pH "W corner-sharing compiexes

\A{ Basic pH HO_ // Basic pH O\A//
~0OH As._o 5-.0

+H* + H,ASO, ’
/FE Fe/ "///—-——“/// ///
1 2 moncdendate neutral 3 munodendale anion 4 monodendate di anloni
+HY || -1t +HY || -HY
Octahedral Fe3* sites o]
HO
on the (111) plane HO\A{/ HO\A// \AS//_ ;
- - / ~0H / S~0H / HQ "
o MgeH o 0"
o —o-|—o - Or[——% o i 2c corner-sharing |
5 ..._/ Fe / Fe/ Fe / Fe /--——"“/ F|E Fle / complexes '
TR0 L | g o e HO_ /0
Dissociative path & & Associative path ¢ 0 cidicpH A
o N
3C trinuclear corner-sharing 2E edge-sharing complexes & 0 o
fo) / Fe / Fe / H
complexes (at tetrahedral Acidic pH ” Basic pH " :
vacancies) : ; Ase Y i
o i O/ OH OH o o bldentate bis iron neutrali
o-|l—o O[——0|——P '
o K
/ FIE / / Fe / Fe ‘-_ / Fe Fe .,-' v |
o—d # o—!o—!o"
0 o} 0
A‘ 7 b|dentale mono iron neutral 8 bidentate mono iron anion 0. /0
5: H
OH o= { =0 E i Acidic pH Basic pH Basic pH ~Ng
o8 — — P OH oH OH o o
/ Fe Fe 0|—o- 0 - 0 —o-l—o
E OH o {
| / [ / / H O / ‘ AN
d o ¢ Fe / L W Fe Fe
| 1 B SrPraE— R As’
3 & | / \ +H o | d |O-/ \o o—| -O—I-O
| |
. . ’ o] o 0 o]
11 tridentate mono iron anion 9 bldentate monoe iron neutral 10 bidentate mono iron anion : 6 bidentate bis iron anion

Scheme 2. Possible structures of arsenate-magnetite surface complexes.*These structures
are based on the reported literature on FT-IR, XPS, Mossbauer, XANES and DFT studies
for arsenate sorption on to various iron oxides (magnetite, maghemite, hematite,
lepidocrocite, ferrihydrite and goethite). Possible hydrogen bonding between phosphate
oxygen and hydroxyl with iron oxygens or hydroxyl groups to form pseudo-monodentate or

resonance structures are not shown here.
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3.5. Conclusions

An Fe;04/G. chacoensis bamboo biochar composite (BC-Fe), which previously
demonstrated remarkable As(V) Langmuir adsorption capacities (39-868 mg/g) and robust
removal over a 5-9 pH window [37] is presented in multicomponent aqueous systems
together with scale up applications for the first time in Latin America. Discarded, locally
available, and silica-rich culms of G. chacoensis were transformed into a value-added
engineered biochar adsorbent for arsenic removal from water. These chars are produced
from single known species (native from Bolivia, Paraguay, Uruguay, Brazil, and Argentina)
and thus, more readily duplicated than those produced from unknown culm fragments or
unknown mixtures of a pool of known species.

The high correlation between the model predicted column capacity and the column
capacity calculated by breakthrough curve integration indicates the breakthrough curve
integration model explains the column adsorption data. Column capacities ranged 8.2-7.5
mg/g and were not affected by 5-9 pH shift. A faster flow rate was compensated by higher
column height which increased the sorption site density. Capacities among this and our
previous study were similar.

Attempting multicomponent studies is challenging due to multiple simultaneous
interactions. Yet, such data is critical for modelling the adsorbents behavior in real water
systems. The influence of other ions over arsenic uptake was higher for the raw-biochar
(BC) than for BC-Fe. With the exception of nitrate, individually competing ions at low
concentration (0.01 mM) did not significantly inhibit As(V) sorption onto BC-Fe. The
presence of ten ions in low concentrations (0.01 mM) did not significantly influence BC-

Fe’s preference for arsenate, and removal remained above 90 %. Fe;04 enhanced arsenate
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adsorption as well as phosphate, molybdate, dichromate and selenate. This enhances the
idea that BC-Fe appears to provide safe As-drinking water in diverse aqueous medias. BC
and BC-Fe’s deconvoluted XPS in multicomponent aqueous mixtures exhibit arsenate
adsorption or potential arsenate adsorption sites affected by the presence of chromate,
selenate, molybdate and phosphate. Adsorption pathways are proposed including
electrostatic attractions, hydrogen bonding and chemisorption to BC phenolics.

The batch and column adsorption capacities of BC and BC-Fe and their ability to
provide safe drinking water was evaluated using a naturally contaminated tap water (165 £
5 ng/L As). BC-Fe ina 2 g/LL dose (0.1 g of BC-Fe into 50 mL of solution) was sufficient to
provide safe drinking water at 40 °C. A 960 mL volume of safe As drinking water (203.8
BV) was collected by using 1 g of BC-Fe. After this treatment, BC-Fe is considered a non-
hazardous residue, BC-Fe can be disposed of inside a household bin.

Regeneration when the maximum adsorbent capacity is not completely As-saturated
was challenging. Potassium phosphate was best for BC-Fe regeneration.

Fe;04 nanoparticles dispersed on G. chacoensis bamboo biochar (BC-Fe) is capable to
provide household-scale arsenic contaminated water treatment. Both batch and fixed-bed
column remediations were investigated and proven to be effective in scaled-up technologies
for large-scale implementations. A BC-Fe‘s spinoff technology for household As-free
drinking water provision which considers practical functionality at low cost is presented. A
better understanding of simple local sorption strategies for arsenic treatment on
multicomponent aqueous systems will help bridge the gaps between environmental science

and technology, and commercialization.
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