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� Biochar (BC) offers 250% higher GO
retention than sand at 10 mM ionic
strength (IS).

� A modified biochar (BC-nZVI) offers
530% higher GO retention at 0.1
e1 mM IS.

� Straining and attachment control GO
retention in engineered media.

� Multiple flowrates demonstrate the
role of groundwater velocity on GO
retention.
a r t i c l e i n f o

Article history:
Received 6 July 2020
Received in revised form
11 September 2020
Accepted 20 September 2020
Available online 25 September 2020

Handling Editor: Derek Muir

Keywords:
Nanoparticle transport
Graphene oxide
Biochar
Nanoscale zero-valent iron modified
biochar
a b s t r a c t

This study explores the use of biochar (BC), an inexpensive filtration media, for removing graphene oxide
(GO) contaminants from the aquatic subsurface environments. Mass balance approaches and column
dissection tests were used to analyze the retention behavior of GO in a series of model fixed-bed columns
as a function of ionic strength (IS) and flowrate. The column based on the biochar media (BC) displayed
3.6-fold higher retention compared to the quartz sand (control). To overcome the challenges of unfa-
vorable electrostatic interactions between GO and BC, we used a facile functionalization strategy to
modify the BC surfaces with nanoscale zero-valent iron (BC-nZVI). The BC-nZVI (5:1, w/w) retained 2.6-
fold higher amounts of GO compared with bare biochar. Furthermore, the performance of BC-nZVI
increased with decreasing values of IS, attributed to the attachment of GO to nZVI where nZVI was
partially dissolved by the presence of higher chloride ion at high IS. A better GO retention (86%) at higher
IS was observed in BC where the GO was primarily retained due to the higher aggregation via straining.

Published by Elsevier Ltd.
1. Introduction

The global market for graphene materials has been estimated to
reach $159 MM by 2023 (Research, 2016). Graphene oxide (GO)
precursors are being used to enable inexpensive methods for pro-
ducing graphene. GO materials display extraordinary properties
including small interlayer capillary width (10 Å) and associated
impermeability (Smith et al., 2019), high tensile strength (50 GPa
for monolayer) (Liu et al., 2012), 100 times higher flexibility
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compared to graphene (Poulin et al., 2016), tunable electrical con-
ductivity (1 � 10�3 to 880 S m�1, an insulator to semi-conductor,
respectively) (Huang et al., 2020), high adsorption capacity (~
1400 mg g�1) (Ali et al., 2019), energy storage capacity (784 mAh
g�1 after 15 cycles) (Zhu et al., 2010), and excellent fluorescence and
photoluminescence (Omidvar et al., 2016). Thus, GO materials are
widely used to innovate the components of automobiles, cutting
tools, electronics, energy storage, water treatment, imaging, bio-
sensing, and drug-carrier materials (Chen et al., 2020; Wang
et al., 2019). The increasing use and production of GO will even-
tually lead to release into the ecosystem (Avant et al., 2019; Wang
et al., 2019), causing potential ecological impacts due to their
cytotoxic effects (Akhavan and Ghaderi, 2010) to bacterial (Guo and
Zhang, 2017), virus, and mammalian cells (Chen et al., 2020; Liao
et al., 2018), plants, invertebrates, and vertebrates (Fadeel et al.,
2018). GO materials cause chronic toxicity, lung granuloma, and
deaths, as corroborated by the studies based on in vivo tests (Liao
et al., 2018; Wang et al., 2011). Thus, it is critical to remove GO
materials from impacted waste streams prior to their discharge
(Wang et al., 2019; Yuan et al., 2018).

Natural filtration media including sand (Beryani et al., 2020;
Lanphere et al., 2013; Wang et al., 2017), limestone (Dong et al.,
2017) and clay (Lu et al., 2019) can filter the GO materials. How-
ever, the sand filtration media has been reported to fail after
passing 2 to 4 pore volumes (PVs) of the solution, where GO was
found to be released completely (Beryani et al., 2020; Lanphere
et al., 2013) especially when the ionic strength (IS) of the solution
was lower than 1 mM. Similarly, the limestone media has also been
reported to release ~ 65e100% of GO after > 3 PV for the low IS
solutions (< 1 mM) (Dong et al., 2017). Here our goal is to explore
the feasibility of using biochar (BC) as a filtration media for
retaining GOmaterials from the aquatic subsurface environment. In
addition to the low cost ($350e1200/metric ton) (Thompson et al.,
2016), BC offers high specific surface area, cation exchange capacity
(Ahmad et al., 2014), and surface roughness (Rodríguez-Vila et al.,
2018; Zhang et al., 2018b). Also, BC is amenable to surface modifi-
cation techniques, for example with nanoscale zero-valent iron
(herein referred as BC-nZVI) (Xiong et al., 2019) to remove complex
pollutants including heavy metals and nutrients from water and
soil (Hasan et al., 2020; Teng et al., 2020; Xu et al., 2020).

We report that a BC-nZVI layer on top of a sand layer can retain
GOwith a relative concentration (C/C0) of < 0.05 at lower IS (1mM),
and with 95% of GO retention in the BC-nZVI layer. Conversely, a BC
layer demonstrated an exceptional GO retention (C/C0 ~ 0.15) at
higher IS (10 mM). This study sheds light on the transport and
retention behavior of GO materials in the BC and BC-nZVI filtration
media using simulated parameters that represent realistic aquatic
and soil environments (IS¼ 0.1, 1, and 10mM and Flow rates¼ 0.77,
1, and 2 ml min�1) (Chowdhury et al., 2013).

2. Materials and methods

2.1. Materials

A concentrated (5 g L�1) GO suspension with a flake size of
500e5000 nm, a thickness of 1 atomic layer (> 60%), 99% purity
that was composed of � 46% C, and � 46% O was used in this study
(Item# SKU-HCGO-W-175, Graphene laboratories, NY, USA). The
GO suspension of 20 mg L�1 was prepared by adding 2 ml of the GO
stock solution into nanopure water (> 18.2 MU at 25 �C). The
mixture was sonicated for an hour at 45 kHz on pulse-mode (10 s
on, 5 s off) using an ultrasound probe sonicator (Sonics Vibra-Cell
VC 505, USA). The retention and transport behavior of GO was
evaluated using pure sand, BC, and BC-nZVI media. Sand and BC
were processed (described in section S1) prior to use in the column
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experiment. The BC-nZVI was synthesized according to the pro-
cedure described in section S1 and shown in Fig. 1a.

2.2. Fixed-bed column experiments

The experimental setup and processes based on borosilicate
glass columns (DWK Life Sciences, Fisher Scientific, USA) with an
inner diameter of 2.5 cm and length of 20 cm, are shown in Fig. 1b
and experimental conditions in Table 1. Briefly, the columns were
wet packed with the sand, BC, or BC-nZVI media to obtain the
following three different configurations: (1) Cleaned and rehy-
drated sand, (2) a sand columnwith a layer of BC (5% wt) on the top
(BC-sand), and (3) a sand columnwith a layer of BC-nZVI (5% wt) on
the top (BC-nZVI-sand). Potassium chloride (KCl) (research-grade,
Fisher Scientific) was used to obtain the electrolytes with different
values of IS (10, 1, and 0.1 mM represents high, medium, and low,
respectively) based on the IS range in natural aquatic and soil
environment (Chowdhury et al., 2013).

The columns were wet packed in DI water with gentle shaking
by hand in each cm of media depth to minimize any air entrapment
and layering. The stainless steel screens with 50 mm pores were
placed at the bottom (outlet) and top (inlet) of the columns to seal
and distribute the flow, respectively. We used three flowrates 0.77,
2, and 3 ml min�1 in all media types to investigate the effect of
flowrate on transport and retention behavior. Recent laboratory
studies (Wei et al., 2014; Zhang et al., 2018a) on transport and
retention of nanoparticles through subsurface used flowrates
ranging from 0.77 to 3 ml min�1 representative of flowrates in
groundwater (Crittenden and Harza, 2005). A steady flowrate was
maintained using a multichannel peristaltic pump (BT100S-1,
Golander LLC., Georgia, USA).

The columnswere first flushedwith >10 pore volumes (PV) of DI
water to remove finer impurities, followed by > 4 PV of the desired
electrolyte solution to equilibrate the experimental conditions.
Then, GO solution of 10e30 PV (Table S1) along with the desired
electrolyte was introduced into the respective columns as defined
in Table 1. The influent GO solution was simultaneously sonicated
using a water bath (40 kHz, Branson 2510) to prevent any prior
aggregation issues. To study the retention of GO in the media, the
4 PVs of the electrolyte was introduced after each run. Effluent
samples from the columns were collected every 5e15 min and
analyzed to measure the GO concentrations. The breakthrough
curves (BTCs) for GO transported through column media were
plotted as the relative concentrations (ratio of the effluent and
initial GO concentrations, C/C0) as a function of PVs of solution
passing through columns.

To quantify the spatial distribution of retained GO mass, the
column materials were dissected immediately after the transport
experiment (details in section S2). The mass of retained GO in each
at 4 cm of the sand layer was used to plot GO retention profiles
(RPs) along the sand profile. RPs denoted the mass of GO retained
per unit mass of sand as a function of column length. Considering
that BC and BC-nZVI layers (~4 cm) on the sand were deliberately
removed for characterization, the mass of GO retained in BC and
BC-nZVI layers are not shown in RPs. Hence, the retained GO mass
in the BC and BC-nZVI was determined by tracking and balancing
the total GO mass in the influent, remaining sand layers, and ef-
fluents and compared to the homogeneous sand column data with
the same experimental conditions as control (Table 1).

2.3. Analytical methods and characterization

Fourier transform infrared spectroscopy (FTIR), Raman spec-
trophotometer, X-ray fluorescence (XRF), Field emission scanning
electron microscopy (FE-SEM) equipped with an energy dispersive



Fig. 1. a) Synthesis process of BC-nZVI and b) A schematic diagram of the column experiments.
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X-ray spectrometer (EDS), and BrunauereEmmetteTeller (BET)
techniques were used to identify the characteristics of BC and BC-
nZVI. The GO concentration was measured using an
ultravioletevisible (UV) spectrophotometer (Fig. S1) and the elec-
trokinetic properties of GO and zeta potentials of media using a
Zetasizer. Detailed information on these techniques is presented in
section S3.
3. Results and discussion

3.1. Electrokinetic and hydrodynamic properties of GO

To study the aggregation behavior of GO, we assessed the
electrokinetic and hydrodynamic properties of GO under the IS
range of 0.1e10 mM, a range typical to natural water systems
(Chowdhury et al., 2013). The increase in IS beyond 0.1mM resulted
in an electrical double layer compression, larger distribution in
EPM, and an increase in hydrodynamic diameter (Lanphere et al.,
2013). Due to the reduced GO-GO electrostatic repulsive forces at
higher IS (Lanphere et al., 2013; Liang et al., 2019), the hydrody-
namic diameter at 1 mM (600 nm) was 2.5-fold higher than that at
0.1 mM (250 nm) in 60 min which was further increased with time
3

(Fig. S2a). It is expected that GO aggregates at a higher IS due to the
reduced energy barrier and greater depth of the secondary mini-
mum. We used this information to interpret the micropore struc-
ture and surface roughness needed by BC to strain and retain GO.
The EPM (Fig. S2b) of GO was less negative at high IS (10 mM)
compared to low (IS 0.1 mM), (�3.54 ± 0.05) x 10�8, and
(�3.02 ± 0.12) x 10�8 m2 V�1 s�1 respectively. Thus, GO is likely
stable in natural aquatic environments which are typically domi-
nated by the monovalent Kþ cation.

To evaluate the effect of GO and media surface potentials on
surface interactions, the z-potentials of the GO, sand, BC, and BC-
nZVI were assessed and compared under different experimental
conditions (Table S2). In general, the negative value of z-potentials
implies a repulsive particle to particle and particle to media elec-
trostatic interaction, resulting in unfavorable conditions for
attachment. At 0.1e10 mM IS, both the GO and the filtration media
(sand, BC, and BC-nZVI) displayed negative charges, suggesting
unfavorable conditions for GO attachment at higher IS. However, an
increase in IS also resulted in decreased negative charges on GO, an
observation consistent with the previous study (Chowdhury et al.,
2013).

Here a key finding is that the z-potential for BC and BC-nZVI was



Table 1
Summary of the column experiments.

aExp. KCl
(mM)

Flowrate
(ml min�1)

bEBCT
(min)

pH Media configuration cR0e4 cm

(%)

dR4e20 cm

(%)

eRE

(%)

fRT

(%)

1 0.1 2 49.09 5.9 Sand 4.29 11.68 98.35 114.32
2 BC on Sand 31.96 6.94 75.42 114.32
3 BC-nZVI on Sand 96.06 4.65 13.61 114.32
4 1 2 49.09 5.7 Sand 6.54 20.07 80.55 107.16
5 BC on Sand 40.27 13.43 53.46 107.16
6 BC-nZVI on Sand 82.47 7.95 16.73 107.16
7 10 2 49.09 5.6 Sand 7.43 20.38 83.76 111.58
8 BC on Sand 86.47 13.62 11.48 111.58
9 BC-nZVI on Sand 85.42 4.14 22.02 111.58
10 1 0.77 127.50 5.7 Sand 7.21 22.37 77.98 107.56
11 BC on Sand 59.47 26.00 22.08 107.56
12 BC-nZVI on Sand 96.42 6.59 4.54 107.56
13 1 2 49.09 5.7 Sand 6.54 20.07 80.55 107.16
14 BC on Sand 40.27 13.43 53.46 107.16
15 BC-nZVI on Sand 82.47 7.95 16.73 107.16
16 1 3 32.72 5.7 Sand 4.59 13.71 92.24 110.54
17 BC on Sand 41.55 7.63 61.36 110.54
18 BC-nZVI on Sand 81.86 3.54 25.14 110.54

a Each column experiment was duplicated and the influent concentration was 20 mg L�1.
b EBCT: Empty Bed Contact Time (min).
c R0e4 cm: GO recovered from the top 4 cm sand, BC, and BC-nZVI layers (based on column configuration).
d R4e20 cm: GO recovered from sand columns from 4 to 20 cm starting from the top of the column.
e RE: GO recovered from the effluent, calculated from the effluent GO concentration and volume.
f RT: Percent of total GO mass recovered.
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less negative compared to the sand media at both low and high IS
conditions. At higher IS (10 mM), the z-potentials for BC and BC-
nZVI were �22.17 and 0.22 mV respectively compared
to �30.80 mV for sand. The more positive the z-potentials values
the more favorable is the adsorption of negatively charged GO onto
the filtration media.
Fig. 2. a) FT-IR spectra of BC and BC-nZVI, b) Raman spectroscopy of BC and
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3.2. Biochar media characteristics

It is evident from FTIR results (Fig. 2a) that, both BC and BC-nZVI
surfaces have OeH (~3425 cm�1), eCOOH (~1362, 1378, 1614, and
1627 cm�1), and CeC, CeO, or CeOeC (~1089 cm�1) bond vibra-
tions, however, the BC-nZVI contained additional peaks at 617 and
705 cm�1 indicating the formation of FeeO (Prabu et al., 2017). The
BC-nZVI, c) BC SEM images, and d) synthesized BC-nZVI SEM images.
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presence of iron on the BC-nZVI surfaces was corroborated by the
Raman spectra analysis (Fig. 2b). The 1350 (D band) and 1570 (G
band) cm�1 peaks correspond to the defects and graphite-like
structures, respectively. The ID/IG ratio for BC-nZVI (1.22) was
substantially lower than BC (1.31), corroborating the attachment of
nZVI on the biochar surfaces (Norouzi and Di Maria, 2018). The
additional peaks at 425 and 685 cm�1 were attributed to the
presence of iron composites that were added to the biochar sur-
faces (Norouzi and Di Maria, 2018).

Upon the modification with nZVI, the biochar surface under-
went significant morphological changes. Biochar displayed a mac-
roporous and rough surface with distinct channels (Fig. 2c; see the
inset for macropores); whereas BC-nZVI evolved into a rough sur-
facewith well-distribution iron particles (Fig. 2d). BC-nZVI revealed
higher levels of iron (18 & 30%) compared to biochar (1.44 & 0.5%),
based on the XRF analysis and EDS mapping analysis, respectively
(Table S3). The SEM-EDS results confirmed homogeneous iron
coating on the surface of BC-nZVI (Fig. 3). The BC-nZVI was char-
acterized by reduced surface area and pore volume (Table S4 and
Fig. 3. SEM-EDS mapping of a) BC
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Fig. S3, BET analysis) due to the plugging of macro and micropores
in BC with nZVI particles. The specific surface area of BC-nZVI
decreased from 76.21 to 23.94 m2 g�1 and the total pore volume
from 0.05 to 0.02 cm3 g�1, creating a favorable condition for
straining.
3.3. Effect of solution chemistry

We assessed BTCs and RPs of GO, based on the relative con-
centrations and mass retention from the three different column
studies and at different values of IS (Fig. 4). The transport and
retention behavior of GO in BC-sand and BC-nZVI-sand was influ-
enced significantly under typical environmental aquatic ionic
strengths, compared to bare sand. For example, changing the IS
from 10 mM to 0.1 mM changed the peak breakthrough levels for
sand only by 6% (from 93 to 100%), after the passing of at least 2 PV
of GO solution. Transport studies in sand columns with similar sand
particle sizes also showed poor GO interactions at IS less than
10 mM (French et al., 2009; Lanphere et al., 2013).
and b) synthesized BC-nZVI.
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Fig. 4. (a, b, and c) Breakthrough curves and (d, e, and f) retention profiles of columns with different solution IS at the background with constant flowrate (Q ¼ 2 ml min�1) and
influent GO concentration (20 mg L�1).
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BTC showed the lowest (C/C0 ¼ 0.15 on average) relative con-
centration in the BC-sand column at 10 mM IS, suggesting an
increased GO retention in the BC-sand column compared to the
sand column at higher solution IS. Note that the initial break-
through in BC-sand columns occurred at the same time as sand
columns, but with low maximum relative concentrations (C/C0)
(0.73 vs 1.05 and 0.60 vs 0.99 at 0.1 and 1 mM respectively).

The GO transport and retention behavior in the BC-nZVI-sand
column were counter-intuitive compared to the BC-sand column.
Higher GO retention in BC-nZVI at � 1 mM, indicating the BC-nZVI
as an efficient media for retaining GO at lower IS. As shown in Fig. 4,
negligible levels (C/C0 < 0.05) of GO were observed in the effluents
from BC-nZVI-sand columns after the passing of at least 16 PV of GO
solution at � 1 mM. The relative concentrations reached a
maximum of 0.43 and 0.35 at IS 0.1 and 1 mM respectively after 22
and 27 PV of GO solution passed through the column. Surprisingly,
6

at IS of 10 mM, GO broke through relatively early in BC-nZVI-sand
column after passing only 2 PV of GO solution with a relative
concentration (0.18e0.25) after running of 32 PV of GO solution.
The variation of GO transport behavior in BC-nZVI-sand column
occurred because of the surface interaction of GO and BC-nZVI
(explained in Section 3.5). GO and BC-nZVI interaction at 10 mM
likewise affects the initial GO breakthrough time for BC-nZVI-sand
columns (described in section S4 and Fig. S4a).

The mass balance of GO from column dissection data illustrated
the amount of GO mass eluted and retained in each of the media
and presented in Table 1. Themass balance ranged from 107 to 114%
of the total GO mass injected to the column which agrees with the
recovery trend previously reported (Lanphere et al., 2013; Sun et al.,
2015). However, GO displayed a tendency to be weakly retained on
the sand in limited amounts and poorly interacted at all ISs which is
consistent with previous studies (Chen et al., 2018; Lanphere et al.,
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2013). Therefore, the total GO mass retention was less in the sand
column compared to other columns. IS exhibited an enormous ef-
fect on the GO mass retention in BC/BC-nZVI media which agrees
with the finding from BTCs. GO mass retained in Sand, BC, and BC-
nZVI layers (the top 4 cm) were compared. GO mass retained in BC
and BC-nZVI layers was considerably higher compared to the sand
layer for all IS ranges but the retention behavior varied with IS. For
example, GO mass retention at 10 mM was about 86.5%, 85%, and
7.5% of the injected GO in BC, BC-nZVI, and sand layers respectively,
whereas, at 0.1 mM, the BC layer retained only about 32% compared
to 96% in BC-nZVI layer and the sand layer retained 4%. The higher
retention in BC layer at higher IS is attributable to higher aggre-
gation at higher IS. Higher retention (96%) was observed in BC-nZVI
layer at lower IS attributable to favorable chemical interactions
between GO and nZVI. Although a weaker GO aggregation was
observed at 0.1 mM, the porosity and surface roughness of BC
resulted in significant retention (32%) than sand with retention of
only 4%.

RPs in the bottom 16 cm sand layer is shown in Fig. 4 d, e, and f
for Sand, BC-sand and, BC-nZVI-sand columns, indicating the mass
retention decreased with depth in all columns. In the sand column,
the maximum GO retention in 4e8 cm sand layer twice as high
(0.011 versus 0.024 mg g�1) for IS of 10 mM compared to 0.1 mM,
attributable to the aggregation of GO with increasing IS and
retained to immediate layer. We observed that GO mass retained in
the bottom 16 cm sand layer was high for the sand columns
compared to BC-sand and BC-nZVI-sand columns. This was likely
due to higher retention in the top BC and BC-nZVI layers which
lowered the amount of GO released to the subsequent sand layers
in BC-sand and BC-nZVI-sand columns. However, the highest
retentionwas observed in the BC-sand column at 10mM. This could
be attributed to both BC pore size and GO aggregation behavior
(described in section S5).

Remarkably, GO retention in the sand layers below BC-nZVI
layer did not show any significant (0.006e0.009 mg g�1) shift
with the change in IS and BTCs proved that there was negligible GO
detected in the effluent (high retention) of BC-nZVI-sand column at
0.1 and 1 mM. Therefore, it can be concluded that a greater portion
of GO was retained in BC-nZVI layer at 0.1 and 1 mM IS. Addi-
tionally, compared to lower IS (0.1 and 1 mM) more GO was
released from the BC-nZVI layer at higher IS (10mM)whichwas not
retained considerably in subsequent sand layers due to the altered
GO surface and solution properties (described in subsequent sec-
tion 3.5).

3.4. Effect of flowrates

Lower flowrate increases the empty bed contact time (EBCT),
resulting in an increase in GO-media interaction and GO retention.
The BTCs and RPs for different flowrates into the columns shown in
Fig. 5 suggested that the transport and retention behavior of GO in
BC-Sand and BC-nZVI-sand columns were influenced by the col-
umn inflow rate at 1.0 mM IS primarily due to variable interaction
time and site blocking. BTCs for sand columns revealed, lower
flowrate (0.77 ml min�1) resulted in more particle interaction time
(EBCT ~ 127.5 min) but themaximum relative concentration did not
change significantly (C/C0 ~ 1.0 in all cases) compared to flowrate 2
and 3 ml min�1. This demonstrated the limited interaction of GO
with sand which was reported by recent studies (Qi et al., 2019).
Likewise, RPs showed poor retention which was consistent
(~0.02 mg g�1) at 0.77 and 2 ml min�1

flowrate and further
decreased to 0.012 mg g�1 at 3 ml min�1 due to high pore velocity.

However, GO exhibited an exceptional surface interaction
(described in section 3.5) with BC/BC-nZVI media which varied at
different flowrates and affected retention behavior. For example,
7

BC-sand column displayed higher retention (C/C0 ¼ 0.4 vs 0.6) in
BTCs at a flowrate of 0.77 and 2 ml min�1 respectively which was
further increased to 0.77 at 3 ml min�1. The EBCT increased by 3.9-
fold (32.72e127.50 min) (Table 1) when the flowrate was reduced
from 3 to 0.77 ml min�1. The increase in EBCT enhanced the
intraparticle interaction and physical adsorption in highly porous
and rough-edged BC. The reduction in flowrate from 3 to
0.77 ml min�1 increased the breakthrough time from 45 to 130 min
as shown in Fig. S4b. Also, the increased interaction time at
0.77mlmin�1 increased the retention of GO in the sand layer under
BC shown in RPs which was reduced (0.02e0.007 mg g�1) with the
flowrate increased to 3 ml min�1. It was noticed in the BC-nZVI-
sand column that, there was almost no breakthrough (C/
C0 ¼ 0.05) after running 30 PV at a lower flowrate (0.77 ml min�1).
Nevertheless, GO breakthrough occurred after 18 and 5 PV of GO
when the flowrate increased to 2 and 3ml min�1, respectively. Also,
at a flowrate of 3 ml min�1, the relative concentration reached 0.10
from 5 to 25 PV of GO. However, GO transport and retention were
substantially affected by the flowrate after 18 and 25 PV of GO was
run at 2 and 3 ml min�1 respectively. Minimal GO release at low
flowrates was attributed to the partial influence of the solution
chemistry to GO, nZVI, and sand surface at 1 mM IS which was
much more at 10 mM. Therefore, higher flowrate decreased the
particle interaction time and increased site-blocking (Messina et al.,
2015), which was predominantly led to the reduction of GO
retention in contrast to the lower flowrate. Column dissection
revealed the mass (Table 1) of GO retained in BC and BC-nZVI layer
decreased ~31% and 15% respectively when the flowrate increased
from 0.77 to 3mlmin�1 which also supports the findings from BTCs
and RPs at different flowrates.

3.5. Interaction mechanisms

The exponentially increase in the retention of GO in BC media is
primarily due to the GO-GO and GO-media interactions (Fig. S5),
which are significantly influenced by the solution chemistry. When
GO suspension was initially introduced into the solution, the Kþ

ions occupied the functional groups (carboxyl, hydroxyl, etc.) that
were present on the GO surface. The GO and BC surface turned less
negative at higher IS, increasing the GO-GO and GO-BC interactions
in the solution. The high surface roughness of BC increased the
physical adsorption of GO and high porosity (macro and micro-
pores) helped BC retainmore GO due to straining via aggregation at
higher IS. The retention of GO on BC at high IS contributed to the
aggregation behavior of GO along with the physical adsorption on
the surface. At lower IS, some portion of GO will still attach to the
BC surface, but most of it will pass through the pores as the particle
sizes are smaller compared to sizes at high IS.

Transport of GO in BC-nZVI was dramatically changed due to the
chemical interactions of GO, nZVI, and chloride ions in the solution
at different IS. When the GO solution passed through BC-nZVI-sand
there was physical adsorption due to the porosity and surface
adsorption at any IS level. However, the retention of GO in BC-nZVI
was further dominated by the interaction of GO and nZVI at
different IS levels. For example, high GO retention in BC-nZVI at
lower IS was attributed to the attachment of GO to Fe0 and retained
on the surface. As evident, the presence of C on the nZVI surface
confirms the attachment of GO sheets onto BC-nZVI (Fig. S6) at
lower IS. At higher IS, the chemical interaction between chloride
ions and nZVI became prominent which affected the subsequent IS
and pH of the solution. Hence, abundant chloride ions interacted
with the nZVI and detached from the BC surface due to increased
electron transfer (Kim et al., 2016), followed by dissolution to the
influent solution and flow through the column media. It has also
been reported that the presence of Cl� ions at high concentration
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encouraged Fe0 corrosion at higher IS (Ma, 2012; Sleiman et al.,
2017). SEM-EDS mapping (Fig. S7) of the BC-nZVI surface after
the transport experiments at lower and higher IS revealed that the
presence of nZVI on BC-nZVI surface decreased at higher IS.
Therefore, GO was retained in BC-nZVI at the beginning but started
releasing with increasing IS. However, the GO retention (C/C0 < 0.4)
in Sand-BC-nZVI column at 10 mM is attributed to the electrostatic
attraction between GO and remaining nZVI on BC-nZVI where the
solution would become more acidic due to the chloride ions
interaction with nZVI. The similarity in functional groups on
deposited GO and the BC made it difficult to capture changes in the
FTIR spectra (Fig. S8a) for the exposed BC. In contrast, FTIR spectra
of the exposed BC-nZVI (Fig. S8b) displayed a shift in peaks in the
range of 550e750 cm�1 at higher and lower IS values, confirming
the attachment of GO to Fe. However, the lower intensities in peaks
at higher IS compared to lower IS confirms the presence of Fe was
8

decreased at higher IS. Additionally, the presence of FeeCl com-
pounds in the effluent at higher IS observed by UV spectroscopy
agrees with that finding. The peaks at 310 nm and 468 nm (Fig. S9)
confirms the presence of FeeCl compounds (Abbott et al., 2017;
Calandra et al., 2015) in the effluent whereas no FeeCl was found in
the effluent at lower IS.

Finally, psychochemical interactions of GO with BC and BC-nZVI
suggested an inverse GO retention behavior as a function of IS. This
key retention behavior suggests that a media with BC and BC-nZVI
configured in a series can efficiently retain GO under a range of
natural and engineered solution IS.

4. Conclusion

This study demonstrates the unique retention behavior of GO in
the modified biochar media compared to typical sand filtration
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media. The functionalized form of biochar (BC-nZVI) displayed
higher surface roughness and enhanced chemical interactions,
promoting the GO transport and retention in BC-nZVI. We report a
distinct chemical behavior of nZVI at a different level of the ionic
strength. At lower IS (0.1e1 mM), BC-nZVI displayed improved
surface roughness and favorable surface interactions of nZVI with
GO. However, at high IS (10 mM) the GO interactions with nZVI
onto BC-nZVI were constrained, likely due to the corrosion and
subsequent dissolution of Fe0 exposed to the high levels of chloride
ions. The lower mobility (higher retention) of GO in BC-nZVI at the
lower IS, and similar phenomena for BC at the higher IS, revealed
the unique transport and retention behavior of GO in biochar me-
dia. Lower flowrates increase GO aggregation due to increased EBCT
time, which subsequently decreased transport and increased GO
retention. Conversely, increased flowrate, having site-blocking ef-
fect, reduced GO retention in biochar media. These findings can be
used to improve the design configuration for the treatment of GO-
laden waste streams. Additionally, the use of inexpensive biochar
and the nZVI modifiers can render the altered media an effective
material to prevent water resource contamination by emerging
nanoscale GO use.
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