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Abstract: Adsorption of arsenic on graphene oxide (GO), reduced graphene oxide (rGO), and
nanocomposites with iron oxide nanoparticles were examined in an aqueous medium. All the
nanoparticles and nanocomposites were synthesized and characterized in the usual manner. Water
samples were collected from groundwater outlets in the Chakdaha block of West Bengal, India. The
adsorption was modeled using various isotherms. The nanocomposites with iron oxides showed higher
efficiency in adsorbing arsenic species vis-a-vis individual graphene-based nanoparticles. The present
data shows As removal efficiency of 71.64% and 78.84% for GO and rGO, respectively, and 76.07%
and 81.6% for their nanocomposites with iron oxide, respectively. While further work is needed to
optimize As adsorption by the nanocomposites, the data can be used to develop low-cost water filtering
kits for use in the affected areas.
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1. Introduction

Arsenic is a Grade 1 pollutant (i.e., toxic to human health) and is found in the subsoil
and groundwater in many countries [1, 2]. Apart from the natural source of arsenic through soil
weathering, the other possible anthropogenic sources of the contaminant are mining,
metallurgy, electronic, agriculture, and pharmaceuticals industries [3, 4]. In major areas of
Eastern India and Bangladesh, many drinking water sources are highly contaminated with
arsenic [5], and their consumption affects the human population gravely [6, 7]. Numerous
diseases such as weakness, chronic respiratory disease, peripheral neuropathy, liver fibrosis,
genotoxic effects, cardiovascular diseases, peripheral vascular disease, conjunctivitis,
cardiovascular diseases, gangrene and skin cancer, pre-malignant skin lesions, bladder, and
lung cancer [8] due to high arsenic content in groundwater are visualized.

In the environment, arsenic can exist in both organic and inorganic forms [9]. However,
the inorganic forms with a wide range of oxidation states (=3, 0, +3, +5), based on the redox
conditions, have several degrees higher toxicity levels and reduce greater concerns [10]. Of
these forms, oxyanions of trivalent arsenite [As(I11)] or pentavalent arsenate [As(V)] are most
predominant in the naturally occurring water environment [11]. Arsenite is more soluble and
exhibits higher toxicity; thus, its removal from water is difficult and warrants special efforts
[12]. Several physicochemical treatment technologies have been adopted over the years for
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alleviating arsenic in water such as adsorption [13], precipitation [14], ion-exchange [15],
coagulation [16], membrane separation [17], oxidation [18], and biological process such as
phytoremediation [19]. Considering the cost effectiveness, adsorption seems to be the most
efficient strategy.

Concerted efforts by various researchers have traced the root of the problem in the
contaminated belts of Eastern India and Bangladesh [20-22], where As is found mainly in the
second underground aquifer [23]. Two major contaminant sources have been traced; they
include drinking water and contaminated food grown in the area [24]. However, amelioration
efforts have so far been less than adequate.

Graphene oxide (GO) is the oxidized version of graphene sheets containing
carboxylate, hydroxyl, epoxide, and other groups. These make GO much more water-soluble
compared to graphene, which is almost insoluble in water. This also enables easier handling of
graphene oxide and using it in chemical reactions. Due to its unique physicochemical properties
and electronic structure, graphene oxide has found myriad applications [25-29]. It has also been
used, especially when doped with suitable metallic or non-metallic nanoparticles, as catalyst
[30], sensor [31], adsorbent [32], gas storage [33], as supercapacitor [34], in rechargeable
battery [35]. There are various methods now available for the preparation of graphene oxide
from graphite or from other sources.

Reduced graphene oxide (rGO) is easily prepared from graphene oxide by the use of
reducing agents [36]. It can also be prepared by other means [37]. It is more graphene-like but
may contain a few oxygen-containing groups on the surface. It is somewhat easier to handle
compared to graphene yet retains many of the latter's unique features of electrical and optical
properties [38]. rGO has also had numerous applications, in catalysis [39], in cosmetics [40],
as sensor [41], in electronics [42], as drug delivery agent [43] etc.

The present work consists of using graphene oxide, reduced graphene oxide, and their
nanocomposites with FezOs, to adsorb arsenic in water. It was found that these nanoparticles,
especially the nanocomposites with iron oxide, are remarkably efficient in removing arsenic
species from water.

2. Materials and Methods

2.1. Experimental materials.

Graphite powder (200 mesh) of spectroscopic purity was purchased from Gupta Electric
Manufacturing Co. (Delhi, India). Hydrazine hydrate (30%), H2SO4 (98%), H3PO4 (85%), NH3
(20%), and NaNOgz were purchased from Sigma-Aldrich and SDS (sodium dodecyl sulfate),
hydrogen peroxide (H202, 30%) and KMnOs (99%) were purchased from Shijiazhuang
Kunmal Chemical Technology Co. (China). All reagents were of AR grade and were used as
received without further purification.

2.2. Characterization.

The powder X-ray diffraction (XRD) of the sample was carried out on a Rigaku-
MiniFlex 600 X-ray diffractometer with CuKo source (A=1.5418 A) at room temperature.
Fourier transforms infrared (FTIR) spectra were obtained with Shimadzu FTIR-8300
spectrophotometer. Scanning electron microscopy (SEM) was performed on a ZEISS, EVO40
microscope. Thermogravimetric analysis (TGA) was carried out on a NETZSCH, DSC 214,

Polyma instrument. Transmission electron microscopy (TEM) was obtained with a JEOL,
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JSM5800 instrument. Raman spectrum was obtained with a Thermonicolet FT-Raman
spectrometer.

2.3. Synthesis of Graphene Oxide (GO).

Graphene oxide was synthesized by modified Hummers’ method through oxidation of
natural graphite powder as described earlier [44]. The method of preparation is briefly as
follows. Graphite flakes (2.5 g) and NaNOs (0.4 g) were mixed in 46 mL of H.SO4 (98%) and
H3PO4 (85%) in a 1L round bottom flask kept under ice bath (0-5 °C) with continuous stirring.
The mixture was stirred for 45 minutes at this temperature, and potassium permanganate (8 g)
was added to the mixture carefully to maintain the temperature between 10 to 15 °C. The
mixture was then diluted with very slow addition of 146 mL water and kept under stirring for
2.5 hrs. The ice bath was then removed, and the mixture was stirred at 40°C for 1.5 hrs. The
mixture was then refluxed at 95 °C for 20-35 min. After 15 min, the temperature was changed
to 35 °C, yielding a brown-colored solution. After another 20 min, the mixture's temperature
was changed to 27 °C, and maintained at this temperature for 1.5 hrs. The solution was finally
treated with 60 ml H20,, whereby its color changed to bright yellow. 200 mL of water was
taken separately in two separate beakers, and an equal amount of solution prepared was added
to it with stirring for 2.5 hr. It was then kept without stirring for 2-3.5 hrs, allowing the larger
particles to settle at the bottom, and the supernatant was filtered. The filtrate was washed
repeatedly after centrifugation with 10% HCI and then with deionized (DI) water several times
until it formed a gel-like substance (at neutral pH). To obtain GO powder, the gel-like substance
was vacuum dried at 60-70 °C for more than 5 hrs.

2.4. Synthesis of reduced graphene oxide.

This is also based on a previously described method [45]. Briefly, 30 mL of graphene
oxide solution (0.5mg/ mL) was mixed with 10 mL of 3.2 M HNOsz and 0.9 M H,SO4 solutions,
respectively. Then the mixture was heated and refluxed at 100 °C for 5 h. The mixture then
contained a brown transparent suspension and a black precipitate. After cooling to room
temperature, the mixture was subjected to mild ultrasonication for a few minutes. The pH was
raised to 8.0 with NaOH solution by constant stirring in an ice bath. The suspension was filtered
through a 0.22um Whatman filter paper to remove the larger solids, and a deep yellow filtrate
was obtained.

2.5. Preparation of FesO4 nanoparticles.

Magnetically active FesO4 nanoparticles were synthesized by chemical co-precipitation
of Fe3* and Fe?* ijons in an alkaline solution, followed by treatment under hydrothermal
conditions [46]. Briefly, 5.7 g FeClz.6H20 and 2.7 g FeSO4.7H.0 were dissolved separately in
two beakers in 10 mL nanopure water. These two solutions were then mixed and added to 20
mL 10 M NH4OH with vigorous stirring for 1 h to render all materials dissolved completely at
25°C. The color of the solution changes from dark green to black, indicating the formation of
FesOsnanoparticles and the completion of the reaction. Then the black slurry of iron oxide was
heated at 80°C in a water bath for half-hour. The particles obtained exhibited a strong magnetic
response. In impurity, ions such as sulfates and chlorides were removed by washing the
particles several times with nanopure water. The particles are then suspended in 20 mL
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nanopure water with sonication for 10 min at 60 MHz. The FesO4 nanoparticles are dried in an
oven at 70°C. The prepared nanoparticles were stable at room temperature (25-30°C) .

2.6. Synthesis of Fe304-GO and Fe3;04-rGO nanocomposites.

The nanocomposites were synthesized by co-precipitation of prepared FesOs
nanoparticles in the presence of GO and rGO in water. SDS was added to the prepared FesO4
nanoparticle, which was then added slowly to a solution of GO and rGO, along with ammonia
solution, with constant stirring for half-hour to dissolve all materials completely. The
temperature was raised to 85 °C, and a 30% ammonia solution was added to adjust the pH to
10. After rapid stirring for a half hour, the solution was cooled to room temperature. The dark
black colored solution was then filtered and washed with Milli-Q water/ethanol and dried in a
vacuum at 70°C. The residue was washed repeatedly with Milli-Q water, resuspended, filtered
again. After three cycles, the residue was dried in an air oven, and thus, powdered FezOa
nanocomposites with GO and rGO were obtained.

2.7. As adsorption on GO, Fe;04-GO nanocomposite, rGO, and Fe;O4-rGO nanocomposite.

At first, 500 ppm w/w solution of As>Oz in DI water was prepared. From this solution,
As solutions of 250 ppm to 1 ppm were prepared by appropriate dilution. Typically, these
experiments were carried out with adsorbate solutions of different strengths and various
amounts of GO, rGO, and Fe3O4 nanocomposites of GO and rGO. AsOs solutions were
prepared with concentrations of 2.5, 5, 10, 20, 50, 100, 250, 500, 1000 and 1500 ppm.
Adsorbents, i.e., GO, and rGO and their nanocomposites with FesO4 were taken as powders of
known amounts in the As>O3 solutions, stirred for 45 minutes, allowed to settle, then filtered
and tested for arsenic concentration in Perkin Elmer AAnalyst 200 Atomic Absorption
Spectrophotometer (AAS) attached with Flow Injection for Atomic Spectroscopy (FIAS)
Systems at Amax=193.7 nm following proper protocol.

3. Results and Discussion

Characterization of GO and Fe30s;-GO was reported elsewhere and hence is not
discussed here. Only the results of the adsorption experiment are enumerated. First, x/m vs.Ce
curves were plotted in each case, where x is the amount of As adsorbed in gms on m gms of
the adsorbate and Ce is the equilibrium concentration of As in the medium left. The plots are
presented in Figures. 1 and 2. In all the figures, red, green, blue, pink, and dark yellow represent
adsorbent amounts of 2.5, 5, 7.5, 10, and 15 mg, respectively. These plots then fit various
standard adsorption isotherms. The best fit comes from the formula:

Cads = A2 + (A1 — A2)/(1 + exp((X — Xo)/dx))
where Cags = concentration of adsorbed As, x = initial concentration of As, and A1, A2, Xo, and
dx are real constants. Langmuir isotherm offers the next best fit. Details of the calculations, R?,
2 values and values of the parameters are given in Supporting Information. The raw adsorption
data, from which the above plots are obtained, are also given in Tables S1 to S16 in Supporting
Information.
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Figure 1. (a): x/m (in ppm) vs Ce (in ppb) plot of As/ GO; (b): As / Fe304-GO.
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Figure 2. (a): x/m (in ppm) vs Ce (in ppb) plot of As/ rGO; (b): As / Fe304-rGO.

We next present the efficiency of adsorption of As by the adsorbents in an aqueous
medium. This is calculated as a percentage of As removed from the given solution. The results
are presented in Table 1. It is clear from the table that the adsorbent that is best able to adsorb
As from an aqueous solution is Fe30s-rGO. In each case in Table 1, the maximum efficiency
of removing As species in aqueous medium comes at the highest initial concentration of As
solution used, i.e., 1500 ppm, and with the highest amount of adsorbent taken, i.e., 15 mg. This
suggests cooperativity in the binding of As species on the adsorbents. Theoretical modeling of
the adsorption process is underway to clearly understand single and multiple As species
adsorption on each of the adsorbents considered here.

Table 1. Maximum adsorption of As by GO, rGO, and their nanocomposites with Fe3Oa.

Adsorbent Max. As removed (%)
GO 71.64
Fe304-GO 76.07
rGO 78.84
Fes04-rGO 81.60

One can also consider the ability of the same amount of adsorbents to bind the
maximum amount of adsorbate as a measure of the maximum binding efficiency of the
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adsorbent for the same adsorbate. For this, we consider Tables S4, S8, S12, and S16 in
Supporting Information, where x/m values are given. Here x is the amount of As adsorbed (in
mg) in m mg of the adsorbent. The maximum values of each adsorbent species are tabulated
below(Table 2).

Table 2. Maximum x/m values of various adsorbents for As adsorption.

Adsorbent Max. x/m value
GO 1.432800
Fes304-GO 1.521333
rGO 1.576756
Fe304-rGO 1.632000

Here also, the maximum values are for the highest concentration of As solution used,
i.e., 1500 ppm, with the highest amount of adsorbent taken, i.e., 15 mg.

Our results compare favorably with past works along this line. For example, adsorption
of arsenic from aqueous solution by activated carbon—calcium alginate composite beads gave
a maximum x/m value of 66.7 mg/g at 30°C [47]. Even iron-modified activated carbon could
lead to maximum adsorption capacity for arsenic as < 20 mg/g [48]. Another group, which
studied As(l11) and As(V) adsorption on powdered (PAC) and granular activated carbon
(GAC), and examined composites of PAC and GAC with Fe**, Cu?*, Ag?* and some dyes
(diphenyl thiocarbazone, hydrosol yellow, hydrosol green, and methylene blue) found
adsorption to be highly pH-dependent. While adsorption (arsenic removal) in PAC and GAC
alone were 75% and 78% at most, the values were larger with composites. Curiously, they also
found PAC and GAC composites of the dyes (95-97%), and even with Cu?* and Ag®* (96-97%)
to be more than PAC-Fe®" and GAC-Fe3* (90, 80%) [49]. As adsorption on the bead form of
activated carbon was at most 0.071 mmol/g [50]. A Fe3*-silica composite could give maximum
capacity for adsorption of As(lll) to be 21.5 mg/g [51]. Other than in one case [49], the
adsorption capacity values cited are less than in the present work.

Coming to nanoscale, an iron oxide—graphene oxide nanocomposite adsorbent could
adsorb arsenic at 95% efficiency when applied in much more significant amounts [52]. Even
reduced graphene oxide and zero-valent iron nanocomposite could give a maximum adsorption
capacity of 35.83 mg/g for As(l11) species in an aqueous medium [53]. Only in one case did
we find almost complete removal of arsenic (99.9%) from aqueous solutions using magnetite-
reduced graphene oxide nanocomposite [54]. However, the preparation method of the
nanocomposite is much more elaborate than in the present case, where a robust method is used
without much additional precaution (e.g., inert atmosphere, etc.).

Therefore, the present work reports materials for arsenic adsorption from aqueous
solutions, easily prepared and used. The adsorption capacity, as reported, is competitive. It is
clear from Figures 1 and 2, that the curves do not show saturation. In other words, the
adsorbents have more capacity to adsorb the As species. A more detailed experiment is
underway to unravel the saturation behavior of each adsorbent for the As species in solution.
We can only expect the adsorption (or As removal) efficiency of the various adsorbents to
improve. From the present data, we can conclude that Fe3Os-rGO has the highest efficiency in
binding As species and removing it from an aqueous solution.
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4. Conclusions

Several graphene-based nanoparticles viz. graphene oxide (GO), reduced graphene
oxide (rGO), and their nanocomposites with iron oxide (FezO4) were prepared following the
established procedure. These materials were then used to adsorb arsenic from an aqueous
solution. The adsorption data were modeled using several standard adsorption isotherms. The
sigmoidal model was found to fit the data best. The adsorption efficiency of each adsorbent
was also calculated. It was observed that Fe3Os-rGO nanocomposite had the best ability (with
the efficiency of > 81%) to adsorb arsenic from an aqueous solution among all the materials
examined. This material is proposed to be used to construct low-cost and efficient arsenic filters
for use in rural households in arsenic-affected areas in India and Bangladesh.

Also, the reason for Fe30s-rGO being the best adsorbent for arsenic in an aqueous
medium is being examined in greater detail. At the same time, experiments with other
materials, including graphene-based ones, are being pursued complex.
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Supplementary Material

The research contains 16 tables as supplementary materials.

Table S1. Initial [As] (column 1), [As] at equilibrium (Ce) at different [As] and adsorbent (GO) amounts.

As conc 2.5mg 5mg 7.5mg 10 mg 15 mg
(ppb) Ce c Ce c Ce o Ce o Ce c

(ppb) (ppb) (ppb) (ppb) (ppb)

25 1.753 0.012 1.643 0.048 1.500 0.016 1.367 0.029 1.297 0.015

5 3.390 0.054 3.170 0.036 2.887 0.034 2.667 0.079 2.410 0.073

10 6.577 0.026 6.137 0.074 5.520 0.067 5.243 0.164 4.780 0.156

20 12.570 0.505 11.953 0.344 10.623 0.063 9.993 0.164 9.333 0.068

50 31.397 0.653 29.263 0.558 25.400 0.638 23.967 0.386 22.767 0.478

100 62.343 1.026 54.480 0.385 48.167 0.785 44.767 1.302 39.767 1.115

250 | 154.000 3.266 | 124.267 0.899 | 112533 1.835 | 104.133 1.190 88.133 2711

500 | 302.333 2.055 | 255.000 0.816 | 216.867 4.838 | 194.233 5213 | 161.533 2.485

1000 | 614.333 | 11.728 | 501.000 2.944 | 437.700 | 10.902 | 355.400 7.224 | 323400 | 13.203

1500 | 962.000 | 13.952 | 783.333 8.498 | 647933 | 13.712 | 533.000 | 25.153 | 425.400 | 18.947

Table S2. Initial [As] (Co), [As] at equilibrium (Ce) and [As] adsorbed/removed (Co — Ce) (in ppb & in %).

As conc 2.5mg 5mg 7.5mg 10 mg 15 mg
(ppb) Co-Ce % Co-Ce % Co-Ce % Co-Ce % Co-Ce %
(ppb) removal | (ppb) removal | (ppb) removal | (ppb) removal | (ppb) removal
25 0.747 29.88 0.857 34.28 1.000 40.00 1.133 45.32 1.203 48.12
5 1.610 32.20 1.830 36.60 2.113 42.26 2.333 46.66 2.590 51.80
10 3.423 34.23 3.863 38.63 4.480 44.80 4.757 47.57 5.220 52.20
20 7.430 37.15 8.047 40.24 9.377 46.89 | 10.007 50.04 10.667 53.34
50 | 18.603 37.21 | 20.737 41.47 | 24.600 49.20 | 26.033 52.07 27.233 54.47
100 | 37.657 37.66 | 45.520 4552 | 51.833 51.83 | 55.233 55.23 60.233 60.23
250 | 96.000 38.40 | 125.733 50.29 | 137.467 54.99 | 145.867 58.35 | 161.867 64.75
500 | 197.667 39.53 | 245.000 49.00 | 283.133 56.63 | 305.767 61.15 | 338.467 67.69
1000 | 385.667 38.57 | 499.000 49.90 | 562.300 56.23 | 644.600 64.46 | 676.600 67.66
1500 | 538.000 35.87 | 716.667 47.78 | 852.067 56.80 | 967.000 64.47 | 1074.600 71.64

Table S3. [As] adsorbed/removed (Co — Ce) in ppb and in mg units at different Co and adsorbent (GO) amounts.

As conc 2.5mg 5mg 7.5mg 10 mg 15mg
(ppb) In ppb In mg In ppb In mg In ppb In mg In ppb In mg In ppb In mg
25 0.747 0.01494 0.857 0.01714 1.000 0.02000 1.133 | 0.02266 1.203 0.02406
5 1.610 | 0.03220 1.830 | 0.03660 2.113 | 0.04226 2.333 | 0.04666 2.590 | 0.05180
10 3.423 | 0.06846 3.863 | 0.07726 4.480 | 0.08960 4757 | 0.09514 5.220 | 0.10440
20 7.430 | 0.14860 8.047 0.16094 9.377 0.18754 10.007 0.20014 10.667 0.21334
50 18.603 | 0.37206 | 20.737 | 0.41474 | 24.600 | 0.49200 | 26.033 | 0.52066 27.233 | 0.54466
100 37.657 | 0.75314 | 45,520 | 0.91040 | 51.833 | 1.03666 | 55.233 | 1.10466 60.233 | 1.20466
250 96.000 1.92000 | 125.733 2.51466 | 137.467 2.74934 | 145.867 291734 161.867 3.23734
500 197.667 | 3.95334 | 245.000 | 4.90000 | 283.133 | 5.66266 | 305.767 | 6.11534 | 338.467 | 6.76934
1000 385.667 | 7.71334 | 499.000 | 9.98000 | 562.300 | 11.24600 | 644.600 | 12.89200 | 676.600 | 13.53200
1500 538.000 | 10.76000 | 716.667 | 14.33334 | 852.067 | 17.04134 | 967.000 | 19.34000 | 1074.600 | 21.49200

Table S4.[As] adsorbed (denoted x) and x/m (m = adsorbent mass) at different Co and adsorbent (GO) amounts.

As conc 2.5mg 5mg 7.5mg 10 mg 15mg
(ppb) X x/m X x/m X x/m X x/m X x/m
25 0.01494 | 0.005976 | 0.01714 | 0.003428 | 0.02000 | 0.002667 | 0.02266 | 0.002266 | 0.02406 | 0.001604
5 0.03220 | 0.012880 | 0.03660 | 0.007320 | 0.04226 | 0.005635 | 0.04666 | 0.004666 | 0.05180 | 0.003453
10 0.06846 | 0.027384 | 0.07726 | 0.015452 | 0.08960 | 0.011947 | 0.09514 | 0.009514 | 0.10440 | 0.006960
20 0.14860 | 0.059440 | 0.16094 | 0.032188 | 0.18754 | 0.025005 | 0.20014 | 0.020014 | 0.21334 | 0.014223
50 0.37206 | 0.148824 | 0.41474 | 0.082948 | 0.49200 | 0.065600 | 0.52066 | 0.052066 | 0.54466 | 0.036311
100 0.75314 | 0.301256 | 0.91040 | 0.182080 | 1.03666 | 0.138221 | 1.10466 | 0.110466 | 1.20466 | 0.080311
250 1.92000 | 0.768000 | 2.51466 | 0.502932 | 2.74934 | 0.366579 | 2.91734 | 0.291734 | 3.23734 | 0.215823
500 3.95334 | 1.581336 | 4.90000 | 0.980000 | 5.66266 | 0.755021 | 6.11534 | 0.611534 | 6.76934 | 0.451289
1000 7.71334 | 3.085336 | 9.98000 | 1.996000 | 11.24600 | 1.499467 | 12.89200 | 1.289200 | 13.53200 | 0.902133
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As conc 25mg 5mg 7.5mg 10 mg 15 mg
(ppb) X x/m X x/m X x/m X x/m X x/m
1500 10.76000 | 4.304000 | 14.33334 | 2.866668 | 17.04134 | 2.272179 | 19.34000 | 1.934000 | 21.49200 | 1.432800

Table S5. Initial [As] (column 1), [As] at equilibrium (Ce) at different [As] and adsorbent (Fe304-GO)

amounts.

As conc 25mg 5mg 7.5mg 10 mg 15 mg
(ppb) Ce (ppb) c Ce (ppb) c Ce (ppb) c Ce (ppb) o Ce (ppb) c
25 1.597 | 0.021 1.505 | 0.023 1.338 | 0.015 1.275 | 0.029 1.153 | 0.029
5 3.160 | 0.022 2.800 | 0.050 2.560 | 0.037 2.457 | 0.033 2.225 | 0.018
10 5.893 | 0.057 5.317 | 0.224 5.130 | 0.110 5.020 | 0.208 4.397 | 0.144
20 11,587 | 0.131 11.02 | 0.180 10.057 | 0.307 9.273 | 0.238 8.367 | 0.125
50 27.057 | 0.455 25.433 | 0.883 23.890 | 0.616 21.213 | 0.164 21.983 | 1.802
100 53.473 | 1.436 48.410 | 1.791 43.833 | 0.850 38.520 | 1.225 34.717 | 1.584
250 135.067 | 3.761 116.000 | 5.888 108.333 | 2.867 86.750 | 1.429 75.567 | 2.845
500 254.667 | 2.055 232.000 | 7.257 193.000 | 3.559 170.000 | 1.633 139.667 | 2.055
1000 533.000 | 2.160 447,000 | 5.715 401.000 | 2.944 299.333 | 2.494 258.000 | 1.633
1500 833.667 | 6.944 709.000 | 2.944 613.667 | 2.625 404.667 | 4.497 359.000 | 2.944

Table S6. Initial [As] (Co), [As] at equilibrium (Ce) and [As] adsorbed/removed (Co — Ce) (in ppb & in %).

As conc 25mg 5mg 7.5mg 10 mg 15 mg
(ppb) Co-Ce % Co-Ce % Co-Ce % Co-Ce % Co-Ce %
(ppb) | removal | (ppb) | removal | (ppb) | removal (ppb) removal (ppb) removal

25 0.903 36.12 0.995 39.80 1.162 46.48 1.225 49.00 1.347 53.88
5 1.840 36.80 2.200 44.00 2.440 48.80 2.543 50.86 2.775 55.50
10 4.107 41.07 4.683 46.83 4.870 48.70 4.980 49.80 5.603 56.03
20 8.413 42.07 8.980 44.90 9.943 49.72 10.727 53.64 11.633 58.17
50 22.943 45.89 24.567 49.13 26.110 52.22 28.787 57.57 28.017 56.03
100 46.527 46.53 51.590 51.59 56.167 56.17 61.480 61.48 65.283 65.28
250 114933 | 45.97 134.000 | 53.60 141.667 | 56.67 163.250 65.30 174.433 69.77
500 245333 | 49.07 | 268.000 | 53.60 | 307.000 | 61.40 330.000 66.00 360.333 72.07
1000 467.000 | 46.70 | 553.000 | 55.30 | 599.000 | 59.90 700.667 70.07 742.000 74.20
1500 666.333 | 44.42 | 791.000 | 52.73 | 886.333 | 59.09 | 1095.333 | 73.02 1141.000 76.07

Table S7. [As] adsorbed/removed (Co — Ce) in ppb and in mg units at different Co and adsorbent (Fes04-GO)

amounts.
As 2.5mg 5mg 7.5mg 10 mg 15 mg

conc In ppb In mg In ppb Inmg In ppb In mg In ppb In mg In ppb In mg
(ppb)

25 0.903 0.01806 0.995 0.01990 1.162 0.02324 1.225 0.02450 1.347 0.02694
5 1.840 0.03680 2.200 0.04400 2.440 0.04880 2.543 0.05086 2.775 0.05550
10 4.107 0.08214 4.683 0.09366 4.870 0.09740 4.980 0.09960 5.603 0.11206
20 8.413 0.16826 8.980 0.17960 9.943 0.19886 10.727 0.21454 11.633 0.23266
50 22.943 | 0.45886 | 24.567 | 0.49134 | 26.110 | 0.52220 28.787 0.57574 28.017 0.56034
100 46.527 | 0.93054 | 51590 | 1.03180 | 56.167 | 1.12334 61.480 1.22960 65.283 1.30566
250 114933 | 2.29866 | 134.000 | 2.68000 | 141.667 | 2.83334 | 163.250 | 3.26500 | 174.433 | 3.48866
500 245333 | 4.90666 | 268.000 | 5.36000 | 307.000 | 6.14000 | 330.000 | 6.60000 | 360.333 | 7.20666
1000 467.000 | 9.34000 | 553.000 | 11.06000 | 599.000 | 11.98000 | 700.667 | 14.01334 | 742.000 | 14.84000
1500 666.333 | 13.32666 | 791.000 | 15.82000 | 886.333 | 17.72666 | 1095.333 | 21.90666 | 1141.000 | 22.82000

Table S8.[As] adsorbed (denoted x) and x/m (m = adsorbent mass) at different Co and adsorbent (Fe304-GO)

amounts.

As conc 2.5mg 5mg 7.5mg 10 mg 15mg
(ppb) X x/m X x/m X x/m X x/m X x/m
25 0.01806 | 0.007224 0.01990 | 0.003980 0.02324 | 0.003099 0.02450 | 0.002450 0.02694 | 0.001796
5 0.03680 | 0.014720 | 0.04400 | 0.008800 | 0.04880 | 0.006507 | 0.05086 | 0.005086 | 0.05550 | 0.003700
10 0.08214 | 0.032856 | 0.09366 | 0.018732 | 0.09740 | 0.012987 | 0.09960 | 0.009960 | 0.11206 | 0.007471
20 0.16826 | 0.067304 0.17960 | 0.035920 0.19886 | 0.026515 0.21454 | 0.021454 0.23266 | 0.015511
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As conc 2.5mg 5mg 7.5mg 10 mg 15 mg
(ppb) X x/m X x/m X x/m X x/m X x/m
50 0.45886 | 0.183544 | 0.49134 | 0.098268 0.52220 | 0.069627 0.57574 | 0.057574 | 0.56034 | 0.037356
100 0.93054 | 0.372216 | 1.03180 | 0.206360 | 1.12334 | 0.149779 | 1.22960 | 0.122960 | 1.30566 | 0.087044
250 2.29866 | 0.919464 | 2.68000 | 0.536000 | 2.83334 | 0.377779 | 3.26500 | 0.326500 | 3.48866 | 0.232577
500 4.90666 | 1.962664 | 5.36000 | 1.072000 6.14000 | 0.818667 6.60000 | 0.660000 7.20666 | 0.480444
1000 9.34000 | 3.736000 | 11.06000 | 2.212000 | 11.98000 | 1.597333 | 14.01334 | 1.401334 | 14.84000 | 0.989333
1500 13.32666 | 5.330664 | 15.82000 | 3.164000 | 17.72666 | 2.363555 | 21.90666 | 2.190666 | 22.82000 | 1.521333
Table S9.Initial [As] (column 1), [As] at equilibrium (Ce) at different [As] and adsorbent (rGO) amounts.
As conc 2.5mg 5mg 7.5mg 10 mg
(ppb) Ce c Ce c Ce (ppb) | o Ce(ppb) | o Ce(ppb) | o
(ppb) (ppb)
25 1.603 0.062 1.423 0.040 1.236 0.015 1.177 | 0.021 1.077 0.031
5 3.190 0.137 2.660 0.071 2423 0.026 2.303 | 0.073 2.043 0.049
10 5.450 0.163 4.900 0.049 4.657 0.091 4.377 | 0.128 4117 0.094
20 10.640 0.155 10.210 0.086 9.400 0.204 8.467 | 0.154 7.483 0.179
50 29.567 5.186 24.033 0.411 21.333 0.544 19.300 | 0.245 18.367 0.262
100 51.167 0.939 45.100 0.860 41.900 0.668 35.100 | 0.829 31.933 1.062
250 123.800 1.152 106.600 3.477 95.500 0.510 81.333 | 3.186 66.767 2424
500 242.067 2131 | 215.333 4.497 | 179.200 5,521 | 154.000 | 6.683 | 120.867 5.155
1000 505.067 5.074 | 417.667 | 12.763 | 365.667 | 10.965 | 257.333 | 7.587 | 224.833 | 11.404
1500 740.933 17.559 653.000 12.083 555.833 | 16.625 359.000 | 7.789 317.433 1.855
Table S10. Initial [As] (Co), [As] at equilibrium (Ce) and [As] adsorbed/removed (Co — Ce) (in ppb & in %).
As conc 2.5mg 5 mg 7.5mg 10 mg 15 mg
(ppb) Co-Ce % Co-Ce % Co-Ce % Co-Ce % Co-Ce %
(ppb) | removal | (ppb) | removal | (ppb) | removal (ppb) removal (ppb) removal
25 0.897 35.88 1.077 43.08 1.264 50.56 1.323 52.92 1.423 56.92
5 1.810 36.20 2.340 46.80 2.577 51.54 2.697 53.94 2.957 59.14
10 4.550 45.50 5.100 51.00 5.343 53.43 5.623 56.23 5.883 58.83
20 9.360 46.80 9.790 48.95 10.600 53.00 11.533 57.67 12.517 62.59
50 20.433 40.87 25.967 51.93 28.667 57.33 30.700 61.40 31.633 63.27
100 48.833 48.83 54.900 54.90 58.100 58.10 64.900 64.90 68.067 68.07
250 126.200 | 50.48 | 143.400 | 57.36 | 154500 | 61.80 168.667 67.47 183.233 73.29
500 257933 | 5159 | 284.667 | 56.93 | 320.800 | 64.16 346.000 69.20 379.133 75.83
1000 494.933 49.49 582.333 58.23 634.333 63.43 742.667 74.27 775.167 77.52
1500 759.067 | 50.60 | 847.000 | 56.47 | 944.167 | 62.94 | 1141.000 | 76.07 | 1182.567 | 78.84
Table S11. [As] adsorbed/removed (Co — Ce) in ppb and in mg units at different Co and adsorbent (rGO)
amounts.
As 2.5mg 5mg 7.5mg 10 mg 15mg
conc In ppb Inmg In ppb In mg In ppb Inmg In ppb Inmg In ppb Inmg
(ppb)
25 0.897 | 0.00179 1.077 | 0.00215 1.264 | 0.00253 1.323 | 0.00265 1.423 | 0.00285
5 1.810 | 0.00362 2.340 | 0.00468 2577 | 0.00515 2.697 | 0.00539 2.957 | 0.00591
10 4550 | 0.00910 5.100 0.10200 5.343 | 0.10686 5.623 0.11246 5.883 0.11766
20 9.360 | 0.18720 9.790 | 0.19580 | 10.600 | 0.21200 11.533 | 0.23066 12,517 | 0.25034
50 20.433 | 0.40866 | 25.967 | 0.51934 | 28.667 | 0.57334 30.700 | 0.61400 31.633 | 0.63266
100 48.833 0.97666 | 54.900 1.09800 | 58.100 1.16200 64.900 1.29800 68.067 1.36134
250 126.200 | 2.52400 | 143.400 | 2.86800 | 154.500 | 3.09000 | 168.667 | 3.37334 | 183.233 | 3.66466
500 257.933 | 5.15866 | 284.667 | 5.69334 | 320.800 | 6.41600 | 346.000 | 6.92000 | 379.133 | 7.58266
1000 494.933 9.89866 | 582.333 | 11.64666 | 634.333 | 12.68666 742.667 | 14.85334 | 775.167 | 15.50334
1500 | 759.067 | 15.18134 | 847.000 | 16.94000 | 944.167 | 18.88334 | 1141.000 | 22.82000 | 1182.567 | 23.65134
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Table S12.[As] adsorbed (denoted x) and x/m (m = adsorbent mass) at different Co and adsorbent (rGO)

amounts.
As 2.5mg 5mg 7.5mg 10 mg 15 mg
conc X x/m X x/m X x/m X x/m X x/m
(pPb)
25 0.00179 | 0.000718 | 0.00215 | 0.000430 | 0.00253 | 0.000337 | 0.00265 | 0.000265 | 0.00285 | 0.000190
5 0.00362 | 0.001448 0.00468 | 0.000936 | 0.00515 | 0.000687 | 0.00539 | 0.000539 0.00591 | 0.000394
10 0.00910 | 0.003640 0.10200 | 0.020400 | 0.10686 | 0.014248 | 0.11246 | 0.011246 | 0.11766 | 0.007844
20 0.18720 | 0.074880 | 0.19580 | 0.039160 | 0.21200 | 0.028267 | 0.23066 | 0.023066 | 0.25034 | 0.016689
50 0.40866 | 0.163464 | 0.51934 | 0.103868 | 0.57334 | 0.076445 | 0.61400 | 0.061400 | 0.63266 | 0.042177
100 0.97666 | 0.390664 1.09800 | 0.219600 1.16200 | 0.154933 1.29800 | 0.129800 1.36134 | 0.090756
250 2.52400 | 1.009600 | 2.86800 | 0.573600 | 3.09000 | 0.412000 | 3.37334 | 0.337334 | 3.66466 | 0.244311
500 5.15866 | 2.063464 | 5.69334 | 1.138668 | 6.41600 | 0.855467 | 6.92000 | 0.692000 | 7.58266 | 0.505511
1000 9.89866 | 3.959464 | 11.64666 | 2.329332 | 12.68666 | 1.691555 | 14.85334 | 1.485334 | 15.50334 | 1.033556
1500 | 15.18134 | 6.072536 | 16.94000 | 3.388000 | 18.88334 | 2.517779 | 22.82000 | 2.282000 | 23.65134 | 1.576756
Table S13. Initial [As] (column 1), [As] at equilibrium (Ce) at different [As] and adsorbent (FezO4-rGO)
amounts.
As conc 2.5mg 5mg 7.5 mg 10 mg 15 mg
(ppb) Ce(ppb) | o Ce(ppb) | o Ce(ppb) | o Ce (ppb) | o Ce(ppb) | o
25 1412 | 0.023 1.310 | 0.022 1.140 | 0.008 1.114 | 0.008 0.950 | 0.016
5 2.723 | 0.060 2.407 | 0.031 2.270 | 0.016 2.187 | 0.026 1.860 | 0.045
10 5.260 | 0.059 4583 | 0.143 4183 | 0.046 4013 | 0.034 3.767 | 0.125
20 10.163 | 0.271 8.780 | 0.107 8.363 | 0.268 7.500 | 0.091 6.800 | 0.082
50 24.480 | 0.756 21.200 | 0.958 18.353 0.180 16.713 0.605 16.400 | 0.327
100 42333 | 2.014 40.450 | 0.477 35.633 | 1.212 29.480 | 0.413 28.537 | 0.403
250 109.767 | 1.969 87.060 | 0.396 79.167 | 0.850 63.493 | 0.829 58.107 | 0.456
500 212.333 2.055 184.333 1.700 147.067 2.015 114.333 1.700 109.000 | 0.816
1000 445,667 | 3.300 380.000 1.633 300.167 1.841 211.000 2.944 198.000 1.633
1500 702.333 | 2.055 569.833 | 5.513 493.753 | 1132 | 303.333 | 6.182 276.000 | 5.888
Table S14. Initial [As] (Co), [As] at equilibrium (Ce) and [As] adsorbed/removed (Co — Ce) (in ppb & in %).
As conc | 2.5mg 5mg 7.5mg 10 mg 15 mg
(ppb) Co-Ce % Co-Ce % Co-Ce % Co-Ce % Co-Ce %
(ppb) removal | (ppb) removal | (ppb) removal | (ppb) removal | (ppb) removal
25 1.088 43.52 1.190 47.60 1.360 54.40 1.386 55.44 1.550 62.00
5 2.277 45.54 2.593 51.86 2.730 54.60 2.813 56.26 3.140 62.80
10 4.740 47.40 5.417 54.17 5.817 58.17 5.987 59.87 6.233 62.33
20 9.837 49.19 11.220 56.10 11.637 58.19 12.500 62.50 13.200 66.00
50 25.520 51.04 | 28.800 57.60 31.647 63.29 33.287 66.57 33.600 67.20
100 57.667 57.67 | 59.550 59.55 64.367 64.37 70.520 70.52 71.463 71.46
250 140.233 56.09 | 162.940 65.18 170.833 68.33 186.507 74.60 191.893 76.76
500 287.667 57.53 | 315.667 63.13 | 352.933 70.59 | 385.667 77.13 | 391.000 78.20
1000 554.333 55.43 | 620.000 62.00 | 699.833 69.98 | 789.000 78.90 | 802.000 80.20
1500 797.667 53.18 | 930.667 62.04 | 1006.247 67.08 | 1196.667 79.78 | 1224.000 81.60
Table S15. [As] adsorbed/removed (Co — Ce) in ppb and in mg units at different Co and adsorbent (Fe3O4-rGO)
amounts.
As 2.5mg 5mg 7.5mg 10 mg 15 mg
conc In ppb In mg In ppb In mg In ppb In mg In ppb In mg In ppb In mg
(ppb
)
25 1.088 0.02176 1.190 | 0.02380 1.360 0.02720 1.386 0.02772 1.550 0.03100
5 2.277 0.04554 2.593 0.05186 2.730 0.05460 2.813 0.05626 3.140 0.06280
10 4.740 0.09480 | 5.417 0.10834 5.817 0.11634 5.987 0.11974 6.233 0.12466
20 9.837 0.19674 11.220 | 0.22440 11.637 0.23274 12.500 0.25000 13.200 0.26400
50 25.520 | 0.51040 | 28.800 | 0.57600 31.647 0.63294 33.287 0.66574 33.600 0.67200
100 57.667 1.15334 | 59.550 1.19100 64.367 1.28734 70.520 1.41040 71.463 1.42926

https://biointerfaceresearch.com/

6209


https://doi.org/10.33263/BRIAC125.61966210
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC125.61966210

250 140.23 2.80466 162.94 3.25880 170.833 3.41666 186.507 3.73014 191.893 3.83786

3 0
500 287.66 | 5.75334 | 315.66 | 6.31334 | 352.933 | 7.05866 | 385.667 | 7.71334 | 391.000 | 7.82000

7 7
1000 | 554.33 | 11.0866 | 620.00 | 12.4000 | 699.833 | 13.9966 | 789.000 | 15.7800 | 802.000 | 16.0400

3 6 0 0 6 0 0
1500 797.66 15.9533 930.66 18.6133 1006.24 20.1249 1196.66 23.9333 1224.00 24.4800

7 4 7 4 7 4 7 4 0 0

Table S16. [As] adsorbed (denoted x) and x/m (m = adsorbent mass) at different Co and adsorbent (Fes04-rGO)
amounts.

As 2.5mg 5mg 7.5mg 10 mg 15mg
conc X x/m X x/m X x/m X x/m X x/m
(ppb)
25 0.02176 | 0.008704 0.02380 | 0.004760 0.02720 | 0.003627 0.02772 | 0.002772 0.03100 | 0.002067
5 0.04554 | 0.018216 | 0.05186 | 0.010372 | 0.05460 | 0.007280 | 0.05626 | 0.005626 | 0.06280 | 0.004187
10 0.09480 | 0.037920 | 0.10834 | 0.021668 | 0.11634 | 0.023268 | 0.11974 | 0.011974 | 0.12466 | 0.008311
20 0.19674 | 0.078696 0.22440 | 0.044880 0.23274 | 0.046548 0.25000 | 0.025000 0.26400 | 0.017600
50 0.51040 | 0.204160 | 0.57600 | 0.115200 | 0.63294 | 0.084392 | 0.66574 | 0.066574 | 0.67200 | 0.044800
100 1.15334 | 0.461336 | 1.19100 | 0.238200 | 1.28734 | 0.171645 | 1.41040 | 0.141040 | 1.42926 | 0.095284
250 2.80466 | 1.121864 | 3.25880 | 0.651760 | 3.41666 | 0.455555 | 3.73014 | 0.373014 | 3.83786 | 0.255857
500 5.75334 | 2.301336 6.31334 | 1.262668 7.05866 | 0.941155 7.71334 | 0.771334 7.82000 | 0.521333
1000 11.08666 | 4.434664 | 12.40000 | 2.480000 | 13.99666 | 1.866221 | 15.78000 | 1.578000 | 16.04000 | 1.069333
1500 15.95334 | 6.381336 | 18.61334 | 3.722668 | 20.12494 | 2.683325 | 23.93334 | 2.393334 | 24.48000 | 1.632000
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