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Abstract

Mining-induced water contamination remains a significant concern in many regions of the world due to the high
concentrations of toxic ions often associated with it. In this study, cellulose-supported ferrihydrite composites (CNF-
Fe) were prepared by seeding of ferrihydrite nanoparticles on cellulose nanofibres (CNFs) and employed for the
removal of As(lIl), As(V) and Cr(VI) from contaminated water. The adsorbent was characterized by electron
microscopy, gas adsorption, point of zero charge (pHezc), X-ray diffractometry (XRD), as well as infrared and Raman
spectroscopy. Compared to parent CNFs, CNF-Fe adsorbents had lower crystallinity and a higher surface area: 218.76
m? g1, Further, with a pHpzc of 6.3, CNF-Fe was positively charged at low pH and suitable for adsorption of anions
at acidic conditions characteristic of acid mine drainage. In single-ions solutions, the removal efficiency of CNF-Fe
was in the order Cr(VI1)>As(V)>As(lll) (i.e. 0.15, 0.12 and 0.11 mg g™ respectively). Adsorption kinetics followed
the pseudo second-order model and isotherms were best fitted by the Freundlich, Dubinin-Radushkevich, and Temkin
models. However, when CNF-Fe was applied to AMD-contaminated water (pH 2.7), Cr(V1) uptake decreased to ~39%
which was likely due to competition from sulphate and selenium ions. Nevertheless, the adsorbent displayed
regeneration capabilities with ~98% As and ~45% Cr desorbed after 24 hours of treatment. Together, these results
suggest that cellulose supported ferrihydrite composites can be applied in treatment of mine drainage-contaminated
water in conjunction with pre-treatments that limit SO,? and selenium concentrations.
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1. Introduction

Acid mine drainage (AMD) presents a major challenge to regions of past mining activity through the contamination
of ground and surface water (Naicker et al., 2003). AMD is often associated with mining of coal and metal sulphide
ores, and the subsequent oxidative weathering of wastes generated through these processes. AMD has a significant
impact on environmental quality and aquatic ecosystems due to its low pH conditions and the high concentrations of
toxic metal and metalloid ions (Gray et al., 2000; Tutu, 2006). However, in regions with limited access to clean water,
these impacts extend to human beings. A large proportion of the urban population in many cities of developing nations
has no access to municipal services including water supply (Tutu and Stoler, 2016). Their dependence on surface and
ground water makes mining and industrial water pollution a public health issue.

Arsenic and chromium present significant challenges in regions of previous mining activity. Here, oxidation of
arsenopyrite in mine tailings results in the mobilisation of arsenic in surface waters, and concentrations as high as
34,000 mg L have been reported in AMD-impacted surface waters (Nordstrom et al., 2000). Arsenic was recognised
as a carcinogen as early at 1879 and is listed as one of the 10 chemicals of major public health concern by the World
Health Organisation (WHO, 2019) exposure to arsenic is linked to such serious conditions as cardiovascular disease,
diabetes, kidney failure, and developmental effects. Yet up to 140 million people in more than 50 countries are
estimated to be exposed to excessive amounts of arsenic, mostly via contaminated water (Nordstrom, 2002). The
WHO set a maximum limit for arsenic in drinking water at 10 pg L™ close to two decades ago, even though this value
is now recognised as too close to the lower confidence limit on the benchmark dose for 0.5 % response (World Health
Organization, 2011).

Chromium enters the environment mainly from industrial activities such as metal plating and leather tanning.
Nevertheless, mining and processing, in particular, of coal also contribute significantly to Cr(V1) pollution. Chromium
concentrations in fly ash can be as high as 152 mg kg™. Its disposal in large quantities can result in elevated chromium
concentrations in ground and surface water through leachate and run-off. Chromium is classified as a carcinogen, but
exposure also results in erosive skin ulceration. The WHO limit for Cr(\V1) in drinking water is set at 50 ug L™ (World
Health Organization, 2011).

In aquatic environments, Cr(VI) may exist as HCrO4 and Cr,O;% at pH 2-6, and CrO4* at pH >6. The H,CrO, form
is less common as it occurs at pH < 0 (Saha et al., 2011). Arsenic, on the other hand, exists in a wide range of oxidation
states, but arsenite (As,O3) and arsenate (AsO.*) are the most common in water. As(V) dominates in aerobic
environments, occurring in various protonation states including HsAsO4, H2AsO4, HAsO4>, and AsO4* (Smedley and
Kinniburgh, 2002). Under reducing conditions, As(I1l) dominates as AsO3*, and its protonated forms: HzAsO; ,
H,AsOs", and HAsO3?. A number of approaches to the removal of these ions from water have been demonstrated,
including chemical oxidation/reduction (Morrison et al., 2002), membrane processes (Goetz et al., 2018),
electrocoagulation (Hansen et al., 2006), and adsorption (Burton et al., 2009; Mamindy-Pajany et al., 2011; Rout et
al., 2012; Sannino et al., 2009; Smith and Ghiassi, 2006). Adsorption offers multiple advantages including lower costs,
choice of a wide range of materials as adsorbents, and the ability to increase adsorbent efficiency via functionalisation.
Further, when nano-scale adsorbents are used, less material is required due to the greater surface areas and higher
reactivities of materials at this scale.

Amorphous iron oxides, e.g. ferrihydrite, have long been applied for the adsorptive removal of various contaminants
from water. Ferrihydrite is a porous, amorphous iron hydroxide, with particle sizes as low as 1.6 nm (Wang et al.,
2013), and surface areas as high as 176-250 m? g%, (Miller et al., 2010; Rout et al., 2012)). The most widely reported
nominal formula for ferrihydrite is Fe10015-9H,0 (Schwertmann and Fechter, 1982), but other formulae including
Fe4012(OH) 12-12H20)12, Fe4_6012(OH) 12-12H20)12, (Eggleton and Fitzpatrick, 1988) and Feg,zog,s(OH)7,4-3Hzo
(Michel et al., 2010) have also been proposed. Due to its large surface areas and affinity for various ions, ferrihydrite
has been used for both large (Newcombe et al., 2008) and small-scale (Kleinert et al., 2011) water treatment in the
removal of U(VI), As(I11), As(V) Cd(I1), Cu(ll), Zn(l1), Pb(ll), Cr(\V1), PO4*, and SO4* (Aredes et al., 2013; Johnston
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and Chrysochoou, 2016, 2012; Leckie, J. O. Benjamin, M. M., Hayes, K., Kaufman, G., Altman, 1980; Midiller et al.,
2010; Rout et al., 2012; Waychunas et al., 1993; Zachara et al., 1987; Zhu et al., 2018).

Recently, cellulosic substrates including cellulose nanofibres (CNFs) and nanocrystals (CNCs) have attracted much
attention due to their wide range of environmental engineering applications. With an annual production of over 7
million metric tonnes, cellulose is considered the most widely available natural polymer, and an inexhaustible source
of raw material for environmental applications (Klemm et al., 2005). The environmental applications of cellulose,
nanocrystals (CNCs) or nanofibres (CNFs) can be derived by oxidation with organic and inorganic acids alone or in
concert with mechanical treatment (Espinosa et al., 2013; Foster et al., 2018). Production of CNFs usually involves
mild oxidants e.g. sodium hypochlorite, and catalytic amounts of sodium bromide (NaBr), and TEMPO (2,2,6,6-
tetramethylpiperidine-1-oxylradical) at pH 10-11, to produce fibres that are typically > 1 um long and 20-100 nm
wide (Hirota et al., 2010; Isogai et al., 2011; Saito et al., 2007; H. Sehaqui et al., 2016; Shinoda et al., 2012; Zhou et
al., 2018) (Foster et al., 2018). CNFs are particularly attractive because the carboxylate moieties can be exploited for
cation adsorption (Chai et al., 2020; Espinosa et al., 2013; Mautner et al., 2019; Silvério et al., 2013) or functionalised
further e.g. using quaternary ammonium salts to target anionic contaminants (Acharya et al., 2014; Houssine Sehaqui
et al., 2016; Shateri Khalil-Abad et al., 2009; Zaman et al., 2012).

Recent work has also shown that these negatively charged sites on CNFs can act as nanoparticle seeding sites. Zhu
and colleagues (Zhu et al., 2017), reported copper nanoparticle deposits on TEMPO-oxidised CNFs exposed to Cu(ll)
solutions.

A major aim of the current study was, therefore, to exploit these properties of oxidised CNFs for the treatment of As
and Cr contaminated water. CNFs prepared by TEMPO-mediated oxidation were used as supports for the seeding of
ferrihydrite nanoparticles, and the composites employed for the removal of As(I11), As(V) and Cr(VI). The ions were
removed at pH 4 (As(V) and Cr(VI)) and pH 11 (As(I11)). All three ions were in their most adsorbable forms at the
selected pH values i.e. Cr(V1), As(V) and As(l11) existed in solution primarily as HCrO4", H2AsO4", and AsO(OH)y
, respectively.

2. Experimental
2.1 Materials

Sodium hydroxide (NaOH), sodium chlorite (NaClO,), glacial acetic acid (CH3;COOH), sodium bromide (NaBr),
sodium hypochlorite (NaClO, 12-15 % active chlorine) solution, 2,2,6,6-tetramethylpiperidine 1-oxyl radical
(TEMPO), methanol, ferric chloride hexahydrate (FeCls.6H.0), sodium sulphate (Na;SOa), disodium hydrogen
arsenate (NazHASOa, purity > 90%), sodium arsenite (NaAsO-, purity > 98%), and dipotassium chromate (K2CrQOg)
were analytical grade, and used without further purification. Solutions were prepared with double deionised water
with a resistivity of 18.2 MQ cm™. All glassware and polypropylene vials were washed, soaked in a 1M nitric acid
bath for at least 24 hours, and rinsed with deionised water before use.

2.2 Extraction of cellulose fibres

Cellulose fibres were extracted from dried stems and branches of hemp plants soaked in water overnight before peeling
off of fibres from the woody cores. Fibres were then subjected to alkali treatment (4 wt % NaOH) at 80 °C. After three
treatment rounds, each lasting 2 hours, the cellulose fibres were bleached using equal parts of NaClO; (1.7 wt %) and
acetate buffer (pH 4.8). The bleaching solution was prepared from 27 g NaOH and 75 mL glacial acetic acid, diluted
to 1L. Three, 1-hour long, bleaching rounds were performed. The ratio of fibre to liquid was maintained at 1:20 for
each bleaching round.
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2.3 Synthesis of cellulose nanofibers by TEMPO-mediated oxidation

CNFs were synthesised by TEMPO-mediated oxidation according to the method described by (Montanari et al., 2005).
TEMPO (30.86 mg) and NaBr (0.648 g) were added to cellulose fibres (2 g wet weight) suspended in 185 mL water.
The suspension was mechanically agitated while NaClO (6 mL) was added dropwise to maintain the solution pH at
10.5 = 0.5. After all the NaClO had been added, 0.5M NaOH was used to maintain the pH at the same level. The
reaction was left to proceed for 24 hours at ambient temperature (21 °C) and terminated by addition of methanol (15
mL). The pH of the suspension was adjusted to 7 using 0.5M HCI and water-soluble nanofibres retrieved by
centrifuging the suspension and freeze-drying the residual.

2.4 Fabrication of cellulose-supported ferrihydrite adsorbents

The cellulose supported ferrihydrite adsorbent was fabricated by deposition of iron oxides onto CNFs (Mukherjee et
al., 2019). Ferrihydrite was prepared by a modification of the method described by Davis and Leckie (1978). Briefly,
freeze-dried CNFs (0.1 g) were dissolved in 10 mL of distilled water and sonicated for five minutes. The pH of the
solution was then adjusted to 9 using 0.1 M NaOH, after which Na,SO. (1 g) was added for ionic strength. Ferric
chloride hexahydrate (5.406 g) dissolved in 20 mL distilled water was then added to this solution and the pH adjusted
to 8 by dropwise addition of 0.2 M NaOH. The product was left to incubate overnight at room temperature (20 °C)
and recovered after three wash-centrifuge cycles. Each centrifuge cycle was 2 minutes long, at 2325 x g. The adsorbent
was labelled CNF-Fe. For comparison, a plain ferrihydrite (without cellulose), and a CNF-Fe-1 (with half the mass of
ferric ions i.e. 0.1 g cellulose, 0.5 g Na2SO4, and 2.703 g FeCls.6H,0) were prepared.

2.4 Characterisation of CNF-Fe adsorbents

The morphology of cellulose-supported ferrihydrite absorbents was examined using transmission electron microscopy
(FEI Tecnai G2 Spirit TEM, Hillshoro, USA) operated at an acceleration voltage of 120 kV. Samples were prepared
by sonicating ~1 mg of the adsorbent in 20 mL methanol for 30 minutes. An aliquot of the suspension was then
dropped onto a carbon-coated grid and the methanol allowed to evaporate. Adsorbents were also imaged using a field
emission scanning electron microscope (Zeiss Sigma 300 FESEM; Jena, Germany) after application of a
gold/palladium coating.

Raman spectra were acquired using the 514.5 nm line of a Lexel Model 95-SHG argon ion laser of a Horiba LabRAM
HR Raman spectrometer (Tokyo, Japan) equipped with an Olympus BX41 microscope attachment. The incident light
was focused onto the sample using a long working distance 100x objective, and the backscattered light was dispersed
via a 600 lines mm grating onto a liquid nitrogen cooled CCD detector. The sample was exposed to 80,000 W/ cm?
for an accumulation time of 180 seconds. Duplicate spectra were collected in order to obtain spectra with optimal
signal to noise ratio. Readings were recorded using LabSpec V5 software from 100-1900 cm with a step-size of 1.9
cmt.

Fourier transform infrared spectra were recorded in the range 4000-500 cm™* using a Tensor 27 Infrared Spectrometer
(Massachusetts, USA). X-ray diffraction analysis was performed on a Bruker D2 diffractometer (Cu-Ka)
(Johannesburg, South Africa) at a scanning range of 10° - 90° (20), a step size of 0.026 and step time of 37 seconds.
The surface area of the adsorbents was determined using nitrogen adsorption isotherms measured with a Micrometrics
ASAP 2010 adsorption analyser (Georgia, USA) at liquid nitrogen temperature. Samples were degassed at 100°C for
10 hours prior to measurements. The Brunauer—Emmett—Teller (BET) surface area was estimated from the relative
pressure range between 0.01 and 0.99 and pore size distribution curves were calculated by the Barrett—Joyner—Halenda
method from the adsorption branch.

The pHyzc of the CNFs and cellulose-supported ferrihydrite adsorbents were determined by salt titration method
(Udoetok et al., 2016). For this, a 0.01M NaCl solution was prepared and 25 mL aliquots transferred to five
polypropylene tubes. The pH of these solutions was then adjusted between 2 and 10 using 0.1M NaOH and 0.1M
HNO; so that each tube had a different pH value. CNF and CNF-Fe and CNF-Fe-1 (0.1 g) were then added to the
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NaCl solutions and suspensions equilibrated on a horizontal shaker for 48 hours. The final pH of each solution was
plotted against the initial pH of the solutions and the pHp,c for each material determined from intersection points.

The carboxyl concentrations of the CNFs, CNF-Fe and CNF-Fe-1 were determined by conductometric titration (Ji et
al., 2019). About 0.1 g of CNF / CNF-Fe was dissolved in 55 mL distilled water and the pH of solutions adjusted to
2.5- 3 using 0.1M HCI. After stirring for 10 minutes, the suspensions were titrated using freshly prepared 0.01M
NaOH at a rate of 0.1 mL minute . The carboxyl content of CNFs and CNF-Fe were calculated using Equation 1
below:

_ CNaoHV1— CNaoHV2
Ccoon = Iy @

Where Vi and V, were the volume of the consumed NaOH when the conductivity became stable and started to increase,
respectively; M was the oven-dry weight of the materials.

2.5. Adsorption experiments

Preliminary adsorption experiments showed that CNF-Fe was more efficient at removal of As(l11), As(V) and Cr(V1)
under the selected reaction conditions, compared to CNF-Fe-1 (Supplementary information). It was, therefore,
selected for subsequent batch adsorption studies which were performed separately for As(lll), As(V) and Cr(VI).
Solutions of As(lIl) (7.42 mg L), As(V) (2.78 mg L'1) and Cr(VI) (7.75 mg L) solutions were prepared from
NaAsO,, Na;HAsSO,, and KoCrOs, respectively. Removal efficiencies of CNF-Fe for As(l11), As(V) and Cr(V1) were
determined by exposing it (30 mg) to 25 mL solutions of deionised water spiked with these ions, in polypropylene
centrifuge tubes.

Removal was investigated at pH 4 for As(V) and Cr(VI), and at pH 11 for As(l11), with pH adjustments made using
0.1M HNOs and 0.1M NaOH. Reaction kinetics were determined by quantifying ion removal after reaction durations
that ranged from five minutes to 24 hours, and isotherms by exposing a constant mass of the adsorbent (30 mg) to
varying concentrations of As and Cr. At the end of reactions, solutions were filtered using 0.22 um polyvinylidene
difluoride (PVDF) syringe filters, and the filtrate assayed for total As and Cr by inductively-coupled plasma-optical
emission spectroscopy (ICP-OES, Spectro Instruments, Kleve, Germany).

The equilibrium removal efficiency (qe; mg g*) of CNF-Fe composites for As(l11), A(V) and Cr(VI) was calculated
using Equation 2:

Ge = =XV @)
Where, Co and Ce are the initial and final concentration of the ions in solution (mg L™2), respectively, V is the volume
of the solution (L) and m is the mass of the adsorbent (g).

2.6 Application to real mine water

Adsorption efficiency was also tested on field samples of mine-drainage contaminated water in batch and gravity
column studies. For Batch studies, 0.1 g of CNF-Fe adsorbent was contacted with AMD-contaminated water (pH 2.7),
on a horizontal rotary shaker, for 4 hours (Previous experiments had shown this duration to be sufficient for
equilibrium). After this time, the samples were centrifuged, filtered, acidified and stored at 4 °C before analysis of As
and Cr concentrations. For column studies, a 30 mm diameter glass column was packed with 1 g plain cellulose (to
minimise adsorbent loss) and 0.1g CNF-Fe. AMD-contaminated water was then poured into the column and the rate
of filtrate production recorded. The filtrate was then analysed for As and Cr removal by ICP-OES.
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2.7 Desorption of Cr and As from CNF-Fe sorbent

The desorption of As and Cr from the CNF-Fe sorbent was assessed using the standardized procedures for metal
leaching (method 1311) (USEPA, 1992). After adsorption experiments, 1.98 g of adsorbents were suspended in
25 mL of extraction fluid (5.7 mL glacial acid in 1 L of water), at pH 2.88, and shaken for 24 hours on a horizontal
shaker. Slurries were then centrifuged at 3000 rpm for 20 minutes. Precipitates were dried in ambient conditions
while the supernatant was filtered through 0.22 um PVDF filters, acidified using 5% HNO3, and analysed by
ICP-OES.

3. Results and discussion
i. Material characterisation

Electron micrographs confirmed the structures of hemp CNFs and CNF-Fe composite. Scanning electron micrographs
of hemp CNFs (Figure 1a) revealed agglomerations of plate-like particles, but which were no longer visible in the
CNF-Fe composites (Figure 1b). Transmission electron micrographs of CNF-Fe composites (Figure 1c) showed that
they comprised agglomerations of nano-sized particles. The BET surface areas of CNFs, CNF-Fe and iron
oxyhydroxide were 2.23, 5.12, and 218.67 m? g, respectively. An examination of the hysteresis plots (see
Supplementary information) of all three materials gave further insights into their structural composition. N
adsorption-desorption by hemp CNFs was characterised type 3 hysteresis typical of loose aggregates of plate-like
particles (Thommes et al., 2015). Gas adsorption by iron oxyhydroxide particles, on the other hand was characterised
by Type 4a hysteresis, indicating that these particles had narrow, slit-shaped micropores. The CNF-Fe composite had
a Type 2 hysteresis, implying that the material had narrow interconnected pores , which could be the result of iron
oxide deposition within the inter-platelet spaces of the CNFs.

Figure 1: (a) Scanning electron micrograph of hemp CNFs. (b) and (c) are the scanning and electron micrographs,
respectively, of CNF-Fe.

The infrared spectra of CNFs derived from TEMPO oxidation of hemp cellulose as well as those of CNF-Fe and iron
oxyhydroxide are shown in Figure 2. Spectra of CNFs (Figure 2-i) showed absorption bands at 1625 and 970 cm
attributed to sodium carboxylate groups formed from TEMPO-mediated oxidation of C6 hydroxyls (Coates, 2004).
Ferrihydrite spectra were characterised by broad maxima at 3200 cm™ due in part to adsorbed water, which also gave
rise to the band at 1643 cm* (Russel, 1979). A weak, broad deformation band at 852 cm™, and a broad inflection at ~
1000 cm™ from vibration of surface -OH moieties on the iron oxyhydroxide were also observed (Figure 2 -ii).
Extensive similarities in the spectra of the ferrihydrite and the CNF-Fe composite, particularly in the 3500-1200 region
confirmed the presence of ferrihydrite in the complex. Notably, bonding between ferrihydrite and CNFs is confirmed
by the absence of ferrihydrite OH group vibrations at 852 cm™ in the CNF-Fe composite, suggesting the formation of
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CNF-0-FeOOH bonds between the CNFs and ferrihydrite. Finally, although sulphate ions (residual from synthesis)
are present in CNF-Fe composite, their clear delineation is hampered by overlap with OH vibrations. Nevertheless,
identification of residual sulphate (at 980 cm™) was possible using Raman spectroscopy (Figure 3).

Absorbance

1625 1323 1157

T I T I T I T I T I T I
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Figure 2: FTIR spectra of (i) hemp CNFs, (ii) iron oxyhydroxide and (iii) CNF-Fe composite adsorbent from iron
oxyhydroxide and hemp CNFs. Inset: adsorption in the 1200-800 cm region highlighting the regions of hydroxyl and
carboxylate absorption.

Raman spectroscopy was also used to determine the specific ferrihydrite phase in CNF-Fe. The spectra (Figure 3)
comprised bands characteristic of 2-line ferrihydrite i.e. broad, weak bands at ~ 360, and ~510, and a stronger band at
~712 cm* (Mazzetti and Thistlethwaite, 2002; Muller et al., 2010). As such, the iron oxyhydroxide phase deposited
onto the cellulose framework was 2-line ferrihydrite. Additional confirmation of the starting material being
ferrihydrite was provided by the appearance of bands characteristic of hematite i.e.~227, ~293 and ~399 cm (Mazzetti
and Thistlethwaite, 2002), when the material was exposed to a higher laser power (100,000 w/cm?) (Figure 3-ii).
Finally, the broad band at ~1380 cm™ is due to stretching and bending vibrations of cellulose C-O-H bonds (Foster et
al., 2018), and that at ~980 cm™? is due to residual sulphate from synthesis (Mller et al., 2010).
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Figure 3: Raman spectra of (i) the CNF-Fe adsorbent confirming the iron oxyhydroxide as 2-line ferrihydrite and (ii-
iv) spectra showing transformation of the ferrihydrite to hematite after exposure to 100,000 W/cm? laser power.

X-ray diffractograms showed that hemp cellulose fibres were largely amorphous, with the characteristic cellulose
peaks at 16 and 23 26. In contrast, the CNFs derived from TEMPO-mediated oxidation of the cellulose displayed more
crystallinity (Figure 4b) but this was again lost in the CNF-Fe composite. The diffractogram of the CNF-Fe composite
(Figure 4c) was characterised by broad maxima centred at 18.6 20 which may be due to an amalgamation of the CNF
peak at 16 20, and the ferrihydrite peak at 16.55 26 which corresponds to the (110) plane of Cellulose | (Rout et al.,
2012).

5 30

a.u
a.u

10 ' 15 ' 20 ' 25 ' 30 10
2 Theta 2 Theta
Figure 4: X-ray diffractograms of (a) hemp cellulose (b) CNFs from TEMPO-mediated oxidation of hemp cellulose

(c) CNF-Fe composite
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The pHpc of CNF-Fe was determined as 6.3, which was slightly lower than that of a synthetic 2-line ferrihydrite
reported by Wang and colleagues: 8.7 (Wang et al., 2013). We surmise that this may be due to the presence of sulphate
ions in the ferrihydrite synthesised in this study as evidenced by Raman spectroscopy; Schwertmann and Fechter
(1982) found that the presence of anions lowered the pHpc of ferrihydrites.

With respect to carboxylate content, the data were in line with expected values. Carboxyl concentration decreased
with increasing deposition of ferrihydrite. Plain CNF had a COO- concentration of 0.985 mmol g while CNF-Fe with
0.5 M ferric chloride had a COO- concentration of 0.699 mmol g, and CNF-Fe with 1 M ferric chloride had a COO-
concentration of 0.599 mmol g. This suggests that ferric ions were bound to the COO- groups of CNFs and explains
the decrease observed when ferric ions were added to CNF solution.

ii. Adsorption by CNF-Fe composite

The uptake of As(V), Cr(VI) was examined at pH 4 while that of As(l11) was examined at pH 11 using 0.03 g CNF-
Fe composites. Anion solution concentrations varied thus: 2.52 - 14.49 mg L for As (lI1), 0.99 — 14.10 mg L for
As(V), and 10.6 — 80.0 mg L* for Cr(VI). The contact time was kept constant at 240 minutes for all reactions. As
shown in Figure 5, equilibrium adsorption capacities (qe) of the CNF-Fe adsorbent increased with increasing initial
concentrations, which is likely due to the increased drive for diffusion towards adsorbent surfaces at higher ion
concentrations (Ho and Mckay, 2004). The results also indicated that equilibrium uptake was in the order Cr(VI) >
As(V) > As(l11).

0.15 e )
- A= As(lll) -
As(V) .-
0.12
- e - Cr(VI) Pt .
N o ~
> 009 -7 .7
o ( e e
o /
£ )/ &
~ 0.06 y .7
(on / P
/’ >“
’ _-4A
0.03 K = -
6 - =
0.00
1 3 5 5 6 14
Co(mgL?)

Figure 5: The effect of adsorbate dose on removal of As(lll), As(V) and Cr(VI) removal by CNF-Fe adsorbent.
Conditions: adsorbent mass: 0.03g; As(V) and Cr (VI1): pH 4; As(l11): pH 11; contact time = 240 minutes.

Adsorption isotherms

The mechanisms by which As(l1l), As(V) and Cr(VI) were adsorbed by cellulose-supported ferrihydrites were
investigated by fitting adsorption isotherm data to Langmuir, Freundlich, Dubinin-Radushkevich (D-R) and Temkin
isotherm models. The Langmuir isotherm describes data where the adsorbate molecules interact with active sites that
have similar energies, leading to monolayer surface coverage, with no interactions between adsorbate molecules and
neighbouring sites (Leckie, J. O. Benjamin, M. M., Hayes, K., Kaufman, G., Altman, 1980).The Langmuir isotherm
model can be expressed as Equation 3:
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SRS
Qe Qm Lqm (3)

where ge (Mg g?) is the quantity of the adsorbate adsorbed per gram of adsorbent at equilibrium, gn (mg g?) is the
maximum monolayer coverage capacity and K. (L mol?) is the Langmuir constant.

The Freundlich isotherm model is based on the multilayer adsorption of adsorbate molecules onto a heterogeneous
surface and can be expressed as Equation 4 where Kr ((mg g*)/(mol L)Y is the Freundlich isotherm constant, and
n is the adsorption intensity (Leckie, J. O. Benjamin, M. M., Hayes, K., Kaufman, G., Altman, 1980):

1

. =K:CQ (@)

The D-R isotherm (Equation 5) is an empirical model which can express adsorption onto homogeneous and
heterogeneous surfaces (Dubinin, 1947), predicting whether the adsorption processes is physical or chemical based
on values of the mean free energy of adsorption (Hutson and Yang, 1997).

Inq, = InX,, — Kpge® (5)
1
Where & = RTIn (1 + C—e) (6)

Kpr (mol? (kJ?)?) is the Dubinin-Radushkevich isotherm constant, X (mg g) is theoretical isotherm saturation
capacity, ¢ is the Polanyi constant, R is the universal gas constant (8.314 J (mol K)?) and T (K) is temperature. The
mean free energy change, Es (kJ mol™), which is the energy required to transfer one mole of ion from infinity in the
solution to the solid surface can be calculated using Equation 7.

1

V2Kp-R

The Temkin isotherm model takes the adsorbent-adsorbate interactions into account and assumes that the free
energy of adsorption is a function of the surface coverage was also used (Raven et al., 1998). It is expressed as in
Equation 11 where Ky (L mg™) is the equilibrium binding constant, b is the Temkin isotherm constant.

E; =

U]

qe. = B InK; + B InC, (8)

B (J mol?) is related to the heat of adsorption, and is calculated: B = };—T 9
T

The results (Table 1) showed that As(lll) and As(V) were better described by the Freundlich isotherm model,
indicating that their uptake by CNF-Fe occurred onto energetically heterogeneous sorption sites. Furthermore, the
value of n showed that the adsorption was favourable. The mean free energy change (Es), for all three ions was
between 8 and 16 kJ mol, suggesting that the interaction between the ions and the adsorbent was due to chemisorption
/ ion exchange process.

Uptake of Cr(VI) was also to a heterogeneous surface, going by the fit of data to the Freundlich isotherm. However,
the adsorption was best explained by the Temkin isotherm which suggests that the adsorption of Cr(VI) to CNF-Fe
was accompanied by a linear reduction in the heat of adsorption (Aharoni and Ungarish, 1977).
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Table 1: Isotherm parameters for the adsorption of As(l11), As(V) and Cr(VI1) by cellulose-supported ferrihydrites

Isotherm Parameter As(l11) As(V) Cr(VI)
Langmuir gm (Mg g?) 4,56 x 10° 1.21x10% 1.45 x 10

Ke (L mol™) 2.81 x 10° 6.08 x 10* 4.40 X 10°

R? 0.002 0.90 0.30
Freundlich Ke((mg g?) (mg LHYM)  1.02 0.99 1.06

n 3.43 411 3.59

R? 0.81 0.97 0.91
Dubinin—Radushkevich Kb-r, (MoI? J2) 0.004 0.003 0.006

Qm (cal) (mmol gl) 1.02 0.69 1.09

Es, kJ mol?® 10.74 13.17 9.06

R? 0.80 0.97 0.92
Temkin Kr 2.1x10° 1.1 x 107 8.3x10°

br 5.2 x 10* 1.3x10° 1.8x10*

R? 0.67 0.86 0.99

Adsorption kinetics

The effect of time on metal uptake by cellulose-supported ferrihydrites was examined using pseudo-first order,
pseudo-second order and Elovich kinetic models expressed as Equations 10, 11 and 12 respectively.

log(q. — q.) = logq, — - (10)
t 1 1

- = + —t 11
A k20e?  qe (1)
q, = %ln(aﬁ) + %m ) (12)

where g: (mg g1) is the amount of metal adsorbed at time t, ky (min) is the pseudo first-order rate constant. For the
pseudo second-order equation, k, (g mg* min) is rate constant, & (mg g*min) represents the chemisorption rate and
available adsorption surface, and 8 (mg g?) is related to surface coverage. Correlation coefficients (R?), and
experimental and calculated e values, were used to determine model fit(Ho and Mckay, 2004).

The results indicated that, based on R? values and the calculated and experimental ¢ values (Table 2), uptake of all
three ions by CNF-Fe was best described by the pseudo-second order kinetic model. Adsorption was therefore via
chemisorption.
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Table 2: Kinetic parameters for the adsorption of As(I11), As(V) and Cr(VI) by cellulose-supported ferrihydrite

Model Parameter As(111) As(V) Cr(VI)
Pseudo-first order ki (min 1) 11.4 7.50 7.04
Oes cat (Mg g?) 0.086 0.01 0.16
Ge, exp (MY g7) 0.82 0.30 0.79
R? 0.42 0.16 0.95
Pseudo-second order k2 (g mg* min 1) 1.58 0.99 0.95
Ge, ca (MY g 0.82 0.29 0.74
Ge, exp (MY g7) 0.82 0.30 0.79
R? 0.99 0.99 0.99
Elovich a (g mgtmin?) 8.7x10° 2.3x10° 62.2
B 1/b (g mg?) 37.7 1127 28.3
R? 0.78 0.80 0.83

iii.  Post-sorption spectroscopic characterisation of adsorbents

Adsorbents were characterised after exposure to test ions in order to elucidate modes of arsenic and chromium uptake
by CNF-Fe. The major change noted in the spectra of post-adsorption materials was centred on the inflection around
1000 cm?, attributed to surface OH groups. The spectra showed a reduction in IR absorption in this region for both
As (111) and As(V), although the reduction was higher is the former (Figure 6a). Uptake of both ions by ferrihydrite
occurs via ligand exchange and is therefore accompanied by the release of OH ions from the ferrihydrite surface (Jain
etal., 1999).

Two factors explain the differences in post-adsorption spectra for As(l11) and As(V). The first involves abundance of
binding sites: Fe-OH and Fe-OHj sites are available for uptake of As(V) at pH 4, but only Fe-OH sites were available
at pH 11 for uptake of As(l11). Second, the concentration of As(l11) ions was far higher than that of As(V) i.e. 99 uM
As(I11) and 37 uM As(V) (Speciation diagrams are provided in the Supplementary Information). Together, this implies
that for As(V), there were more adsorption sites for less ions, whereas the opposite was the case for As(l1l. As such,
even after As(V) uptake, a high number of OH ions were still available at the sorbent surface, hence the relatively
small difference in pre- and post As(V) uptake spectra. In contrast, a small number of sorption sites for higher arsenite
concentrations resulted in the exchange of a significant portion of OH ions from the CNF-Fe surface, hence the notable
change in the CNF-Fe spectra after uptake of As(l11) ions.
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Figure 6: FTIR spectra of CNF-Fe after uptake of (a-i) Cr(V1), (a-ii) As(l1l), and (a-iii) Cr(\VI). Spectra (a-iv) is for

the adsorbent prior to exposure to test ions. The boxes highlight changes in the surface -OH absorption region before

and after adsorption.

Only a slight change was observed in the Cr(VI) spectra, which corresponds to its much lower adsorption seen in the
quantitative results. The sorption of Cr(VI) ions to CNF-Fe is primarily by electrostatic attraction to the Fe-OH," sites
of ferrihydrite (Sannino et al., 2009). Further, chromate complexes are less strongly held (as compared to those of
As(V)) and so more easily adsorbed. These factors may have contributed to the lower removal of Cr(V1) ions by CNF-
Fe. However, we posit that the presence of sulphate on the adsorbent surface may have had a greater effect as anions
have been shown to inhibit the uptake of chromate ions by ferrihydrite (Johnston and Chrysochoou, 2016, 2012; Zhu
etal., 2018).

Raman and FTIR data provided insights into changes with respect to sulphate ions in CNF-Fe adsorbent. Sulphate
ions (free ions) usually display symmetric stretching at ~983 cm 1, which is both Raman and IR active but more
intense in Raman (Rouchon et al., 2012). When bridging adjacent Fe atoms in iron minerals, sulphate ions result in
skeletal vibrations of Fe-O-S-O-Fe, producing bands at ~965 cm  in both IR and Raman spectra. Using both
techniques, sulphate ions were shown to be present in the CNF-Fe in both free (Raman: 985 cm 1) and bridging (IR
absorption at 970 cm 1) forms.

In the case of Cr(V1) ions, both Raman and IR spectra showed that SO42 ions were still present in the adsorbent post-
adsorption (Figure 6(b)-iii. However, both Raman and IR data suggest that the concentrations of bridging and free
SO,* ions at the adsorbent surface were diminished after adsorption of As(l11) and As(V) ions Figure 6(a)-i and ii,
Figure 6(b)-i and ii. This suggests that SO, ions were exchanged from the adsorbent surface during uptake of As(I11)
and As(V), but not during Cr(V1) uptake. In fact, SO4* ions in the CNF-Fe adsorbent likely inhibited Cr(VI) uptake,
through increasing either (i) the electrostatic repulsion at the adsorbent surface (ii) competition for sorption sites
(Leckie, J. O. Benjamin, M. M., Hayes, K., Kaufman, G., Altman, 1980; Zachara et al., 1987). Together these data
provide insights into the adsorption of As(l11), As(V) and Cr(V1) by the synthesised CNF-Fe adsorbent, and possible
optimisation strategies for improved removal, particularly of Cr(V1) ions.
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iv. Application to mine drainage contaminated water

Batch studies

CNF-Fe adsorbents were applied for the removal of As and Cr from AMD-contaminated water. The results of
experiments conducted for 240 minutes without any pH adjustments to the water are presented in Figure 7 below. The
data show that up to 39 % of Cr(VI) was removed from solution but that As removal was at 100%. We posit that the
low Cr(VI) uptake is due to competitive effects from the high concentrations of sulphate ions typical of AMD, as well
as the presence of selenium. Wu et al. found that at high pH selenite ions inhibited Cr(V1) uptake on alumina surfaces.
As such, the effective application of these adsorbents would require pre-treatment steps involving removal of sulphate
and selenium ions.

100

80

60

40

% Removal

20

As Al Ca Cr Se

Figure 7: Removal of Arsenic, chromium, and other ions from mine drainage contaminated water by CNF-Fe.
Conditions: pH = 2.7, adsorbent mass = 0.03 g, Volume = 25 mL, contact time = 240 minutes.

Column studies

To further examine the applicability of the CNF-Fe adsorbents in water treatment, column studies were conducted.
The aim was to examine exhaustion of CNF-Fe adsorbents i.e. the volume of water that could be treated before
efficiency of As and Cr removal began to decline. To this end, AMD-contaminated water was filtered through 1 g of
adsorbent packed in a glass vial (13 mm diameter). To limit the loss of CNF-Fe into treated water, pure cellulose fibres
(1 g) were also packed at the bottom of the vial (Figure 8b).

The results showed that just as with batch studies, uptake of As was higher than Cr (Figure 8a). Removal of Cr did
not change much after the first 25 mL, suggesting that after passage of this volume through the filter, competition
from selenium and sulphate ions limited Cr uptake to some extent. However, in contrast to As, Cr uptake did not
diminish after 250 mL. This would suggest that Cr continued to be taken up by the adsorbent albeit at very low
concentrations due to competition. In contrast, As binding sites were saturated from~ 250 mL, allowing escape of the
anion through to the filtrate.

These results support those of batch studies by showing that treatments to reduce competitor ions are necessary to
improve Cr uptake by CNF-Fe adsorbent. However, they also contribute new insights into adsorbent exhaustion
especially with respect to As, that were not apparent from batch studies. They show that adsorbent performance begins
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to decay after 250 mL of filtrate when 1g of adsorbent is used and provide a basis for the determination of the
appropriate adsorbent mass required for larger volumes of water.
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Figure 8: (a) As and Cr in filtrate from column studies. Conditions: Co = 0.230 mg L for As, 0.206 mg L™ for Cr,

adsorbent mass = 1g, solution pH = 2.7, flow rate =5 min mL™. (b) Photograph of column showing CNF-Fe adsorbent
and pure cellulose packed at the base to limit adsorbent loss to treated water.

Desorption studies

Desorption experiments were performed to determine the reversibility of As and Cr adsorption on CNF-Fe sorbent.
The results showed that up to 0.209 mg L* As and 0.04 mg L"* Cr could be desorbed after treatment of the adsorbent
with 5.7 mL glacial acid in 1 L of water (Figure 9). This suggests that this extraction fluid is an effective desorption
agent for the regeneration of CNF-Fe. However, as the extraction efficiency is far lower for Cr, an additional step,
using a more effective desorbent would be required. Nevertheless, these data suggest that the adsorbent can be re-used
and that regeneration requires only small amounts of an affordable and readily available desorbent.
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Figure 9: Desorption of As and Cr from CNF-Fe sorbent. Conditions: adsorbent mass = 1.98g, extraction volume =
25 mL, pH = 2.88, time = 24 hours.
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Conclusion

This work examined the efficiency of cellulose-supported ferrihydrites (CNF-Fe) in removing of As(l11), As(V) and
Cr(VI) from synthetic and actual AMD-contaminated water. The results showed that CNF-Fe composites were
effective adsorbents for removal of these ions and that while in single-ion solutions adsorption was higher for
chromium that arsenic ions, in AMD, competition from sulphate and selenium ions greatly reduced Cr removal
efficiency. Desorption experiments showed that the adsorbent can be regenerated be desorption using a cheap and
readily available acetic acid, making this an affordable and recyclable water treatment option in low-income settings.
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