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In this study, transport behaviors of graphene oxide (GO) in saturated uncoated (i.e., clean
sand) and goethite-coated sand porous media were examined as a function of the phos-
phate. We found that phosphate enhanced the transport of GO over a wide range of solu-
tion chemistry (i.e., pH 5.0-9.0 and the presence of 10 mmol/L Na* or 0.5 mmol/L Ca%*). The
results were mainly ascribed to the increase of electrostatic repulsion between nanopar-
ticles and porous media. Meanwhile, deposition site competition induced by the retained
phosphate was another important mechanism leading to promote GO transport. Interest-
ingly, when the phosphate concentration increased from 0.1 to 1.0 mmol/L, the transport-
enhancement effect of phosphate in goethite-coated sand was to a much larger extent than
that in clean sand. The observations were primarily related to the difference in the total
mass of retained phosphate between the iron oxide-coated sand and clean sand columns,
which resulted in different degrees of the electrostatic repulsion and competitive effect of
phosphate. When the background solution contained 0.5 mmol/L Ca?*, phosphate could be
bind to sand/ goethite-coated sand surface by cation bridging; and consequently, promoted
competition between phosphate and nanoparticles for deposition sites, which was an im-
portant mechanism for the enhanced effect of phosphate. Moreover, the DLVO theory was
applicable to describe GO transport behaviors in porous media in the absence or presence of
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phosphate. Taken together, these findings highlight the important status and role of phos-
phate on the transport and fate of colloidal graphene oxide in the subsurface environment.
© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of

Sciences. Published by Elsevier B.V.

Introduction

As an emerging carbon nanomaterial, graphene oxide (GO)
has been applied in numerous applications such as elec-
tronics, storage, and optics (Dreyer et al., 2014; Bullo et al,,
2019). With the wide production and application increase,
GO nanoparticles will inevitably release into groundwater
system (Zhao et al., 2014). Moreover, recent studies have
shown that GO can be toxic to organisms including bac-
teria and humans (Chang et al., 2011; Wang et al., 2011a;
Jaya Seema et al., 2018). Thus far, findings from recent exper-
imental investigations have established that several chemi-
cal conditions (e.g., ionic strength (Feriancikova and Xu, 2012;
Qi et al., 20144, 2014b, 2014c; Dong et al., 2017; Liu et al., 2013;
Wang et al.,, 2017a), pH (Lanphere et al., 2013; Qi et al., 2014b,
2014c), surfactant (Fan et al.,, 2015a; Wang et al., 2019), diva-
lent cation (Lanphere et al., 2014; Qi et al., 2014b; Fan et al.,
2015b; Xia et al., 2015, 2017), organic acid (Chen et al., 2019;
Li et al,, 2019), and natural organic matter (Qi et al., 2014b,
2014c; Shen et al.,, 2019)), medium size (Sun et al., 2015;
Dong et al., 2016; Chen et al., 2018a), temperature (Wang et al.,
2017b, 2019), bacteria (Ramazanpour Esfahani et al., 2020),
GO concentration (Sun et al., 2015), and flow rate (Qi et al.,
2014b, 2014c; Zhang et al., 2018) had significant influence on
the transport behaviors of GO nanoparticles. The results of
these investigations confirm that GO exhibits high mobility
in subsurface systems under environmentally-relevant solu-
tion chemistry conditions. More importantly, GO can serve
as a contaminant carrier to significantly enhance the mo-
bility and risks of contaminants (e.g., heavy metal ions and
organic contaminants) in porous medium (Qi et al., 2014a;
Zhou et al., 2016; Jiang et al., 2018; Sun et al., 2018, 2019;
Yin et al,, 2019; Zhang et al., 2019; Zhao et al., 2019, 2020).
Furthermore, it has been shown that GO could also influ-
ence the fate and transport of colloids/biocolloids (e.g., kaoli-
nite, titanium dioxide, hematite, and bacterias) in porous me-
dia (Chrysikopoulos et al., 2017; Georgopoulou et al., 2020;
Wang et al., 2021; Xia et al., 2019a). However, several other im-
portant environmental factors, such as phosphate, have been
poorly investigated.

Phosphate is a ubiquitous chemical species in the natural
environment including minerals, soils, and water (Wang et al.,
2011b; Lei et al., 2016; Xu et al., 2018). In soil solution, particu-
larly in agricultural soil that receives organic fertilizers (e.g.,
poultry manure and chemical fertilizers), the concentration
of phosphate can reach mmol/L levels (Bierman et al., 1995;
Wang et al., 2011b; Li and Schuster, 2014; Mu et al., 2017). Par-
ticularly, due to possible long period of application of phos-
phate fertilizers in cropland, a large number of nutrient ions
are leached into the groundwater environment (Li and Schus-
ter, 2014; Chen et al., 2015). Previous studies reported that
phosphate could influence the surface properties of aquifer

media (i.e., soil, clay, and iron oxide) when the phosphate
coating bonded to them (Gérard, 2016; Li et al., 2016). Con-
sequently, phosphate possibly affects the environmental be-
haviors of colloids and contaminants in subsurface environ-
ments (Li and Schuster, 2014; Qin et al., 2014). Several stud-
ies showed that phosphate could affect the transport of TiO,
nanoparticles (Chen et al., 2015; Guo et al., 2018; Xu et al., 2018),
SiO, nanoparticles (Liu et al., 2017), ZnO nanoparticles (Li and
Schuster, 2014), and bio-colloids (e.g., bacteria and viruses)
(Blanford et al., 2005; Zhuang and Jin, 2008; Wang et al., 2011b)
in natural porous media. Hence, considering that phosphateis
widely distributed in the soil/water environments (Wangetal.,
2011b; Lei et al., 2016; Xu et al., 2018), it may appear as a
critical factor in controlling the environmental fate of GO
nanoparticles in natural soil/groundwater systems. For exam-
ple, Ren et al. (2016) found that phosphate enhanced or weak-
ened the effectiveness of Cd%* in destabilizing GO nanopar-
ticles, which depended on the contact order of Cd%*, phos-
phate, and GO in the natural aqueous solutions. It is neces-
sary to note that the effect of phosphate on the transport of
GO may be markedly different from its effect on the trans-
port of other carbon nanoparticles (i.e., carbon nanotubes and
fullerene) and metal oxide nanoparticles (i.e., TiO, and ZnO)
due to the unique physical geometry and surface chemistry
of GO (Dreyer et al., 2010). To the best of our knowledge, lit-
tle is known about the effects of phosphate on the transport
properties of GO under various solution chemistry conditions.
It is critical, therefore, to study the transport behaviors of GO
in the presence of phosphate.

Additionally, the transport of GO in natural groundwater
and soil environments is greatly influenced by the interaction
between GO and solid matrix (e.g., sand grains, clay miner-
als, and iron oxides) (Syngouna et al., 2020; Lu et al., 2019).
It has been demonstrated that surface charge heterogeneity
(e.g., the iron and aluminum oxides) in porous media signifi-
cantly affected the transport and deposition of GO nanopar-
ticles in granular media due to electrostatic attraction be-
tween the positively charged iron oxide and the negatively
charged GO nanoparticles as well as increased surface rough-
ness (Duster et al., 2016; Wang et al., 2017a; Chen et al., 2019;
Liu et al.,, 2019; Qi et al., 2019). Moreover, Katzourakis and
Chrysikopoulos (2018) reported that surface charge hetero-
geneity is essential at bench and field scale and cause the
solid-matrix surfaces to have spatially variable affinity for col-
loid attachment (e.g., the spatial variability of collision effi-
ciency) due to the variability in the developed electrostatic
forces, consequently affected the transport of colloids. Mean-
while, it is known that phosphate is strongly adsorbed on
the oxides of Fe and Al via surface complexation (Tejedor-
Tejedor and Anderson, 1990; Persson et al., 1996). It is believed
that phosphate may play different roles in GO nanoparticles
interaction with porous media containing different degrees of
surface charge heterogeneity (e.g., clean sand and iron oxide-
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coated sand). Therefore, it is necessary to develop more com-
prehensive research to understand the different attachment
behavior of GO onto various iron oxide minerals.

The primary objective of this work was to explore the in-
fluence of phosphate on GO transport in uncoated (i.e., clean
sand) and iron oxide-coated sand (using goethite as the model
iron oxides) columns. Column experiments of GO were con-
ducted in the presence of Nat or Ca®*; meanwhile, the ef-
fects of phosphate on the transport of GO at different pH were
also investigated. The specific goals are to identify the differ-
ences in transport properties of GO in saturated clean sand
and goethite-coated sand as affected by phosphate. Moreover,
to understand phosphate coating on porous medium effects
on GO transport, we conducted additional experiments by first
saturating the sand with phosphate solution before inject-
ing GO suspension through the columns. The different mech-
anisms by which phosphate affects the transport behavior
of GO in uncoated and goethite-coated sand porous media
were discussed. Meanwhile, the Derjaguin-Landau-Verwey-
Overbeek (DLVO) theory was applied to gain further insights
into the effects of phosphate.

1. Materials and methods
1.1. Materials

GO sheets (purity: >99%) were provided by Plan Nano Mate-
rials Tech Co. (Tianjin, China). The important physicochemi-
cal properties of the product were described in our previous
study (Li et al., 2019). Briefly, the specific surface area of the
GO (207.1 m?/g) based on the Brunauer-Emmer-Teller method
was determined by an ASAP 2020 surface area analyzer (Mi-
cromeritics, GA, USA); the product contained 62.1% C, 34.2% O,
and small amounts of H and N (measured by an elemental an-
alyzer (Vario EL, Elementar Analysensysteme, Germany). The
surface functional groups were mainly hydroxyl, carboxyl, and
carbonyl groups.

Quartz sand was purchased from Sigma-Aldrich (St. Louis,
MO) (purity >99.9%, 0.21-0.30 mm, and 0.26 mm average grain
size). Before use, the sand grains were cleaned by 0.1 mol/L
hydrochloric acid and 5% hydrogen peroxide to effectively re-
move impurities on the sand surface according to the method
described in our previous study (Li et al., 2019).

The method for the preparation of goethite-coated sand is
reported in the literature (Stahl and James, 1991). The detailed
preparation procedures are available in Appendix A Section
S1. The ¢-potential of porous media was determined by Zeta-
Plus potential analyzer (Zetasizer nano ZS90, Malvern Instru-
ments, UK) (Mitropoulou et al., 2013; Chrysikopoulos et al.,
2017). Details of the method are given in Appendix A
Section S2.

1.2. Preparation and characterization of GO nanoparticles

The GO stock suspension (300 mg/L) was prepared by adding
300 mg GO into 1 L deionized water (DI water). Then, the mix-
ture was ultrasonically dispersed in the water bath at 500 W
for 4 hr. The ¢-potential and hydrodynamic diameter (Zavg)
of GO under the test conditions were measured by dynamic

light scattering (DLS) measurements using a Zeta-Plus poten-
tial analyzer described above.

Before initiating the column experiments, the influents
(containing 10 mg/L of GO) were prepared temporarily by di-
luting the stock GO suspension and phosphate stock solu-
tion within the electrolyte solutions to obtain the desired so-
lution (Table 1). Additionally, each desired pH value of the
GO suspensions (with or without phosphate) was achieved by
0.1 mol/L HCl or NaOH.

1.3. Column transport experiments

Clean sand (i.e., treaded sand) or goethite-coated sand was
dry-packed into columns made up of borosilicate glass (10 cm
length and 11 mm inner diameter). Each column contained
approximately 15 g sand with an average bulk density of
1.55 + 0.01 g/cm?, and an average porosity of 0.41 + 0.01. The
columns were operated in an upward direction at a constant
pore velocity of 0.31 cm/min using syringe pumps (KD Scien-
tific, Holliston, MA). Firstly, the column was flushed with 13
pore volumes (PV) of DI water to establish a steady-state flow
condition, and then equilibrated with the background elec-
trolyte solution (21 PV). Then, 21 PV of GO nanoparticle sus-
pension (in the absence or presence of phosphate) was in-
jected into the sand column. Finally, the column was eluted
with 6 PV of GO-free background solution. In selected exper-
iments (columns 9-10 and 17-18, Table 1), the columns were
first saturated the porous medium with 13 PV of phosphate
solution (0.5 mmol/L) before flushing GO suspension through
the column, and then 21 PV of GO nanoparticle suspension
(without phosphate) was injected into the sand column. It
is noteworthy that phosphate did not result in the dissocia-
tion of goethite from the sand grains (even at low pH condi-
tions) (Appendix A Fig. S1). The effluents were collected every
3.5 PV, and the concentrations of GO in the influent (Co_GO)
and effluent (C_GO) were measured by using a UV-vis spec-
trophotometer (PuXi Analytical Instrument Co. Ltd, Beijing,
China) at 230 nm in order to obtain the breakthrough curves
(Wang et al., 2009). Then the effluents were centrifuged (15,000
r/min) for 20 min by high-speed centrifuge (sigma 3-18k, Ger-
many) and the supernatants were withdrawn. The concen-
tration of phosphate in the supernatant was analyzed using
the molybdenum blue method (Liu and Chen, 2016). The de-
tails for the method are provided in Appendix A Section S3.
Note that under the test conditions of this study the phos-
phate concentration in the effluent (C_phosphate) and in su-
pernatant (Ce_phosphate) are essentially equal (for example,
the mass of phosphate in the adsorbed phase (i.e., adsorbed
by GO) was typically less than 0.3 to 2% of the total mass of
phosphate in the system, Appendix A Fig. S2). Previous stud-
ies also confirmed that adsorption affinities of GO nanoparti-
cles for phosphate were very weak (Ren et al., 2016; Xu et al.,
2016a). Finally, retention profiles of GO and phosphate were
obtained after transport experiments (the detailed procedures
are given in Appendix A Section S4). The mass balances of
GO nanoparticles and phosphate in the column experiments
were within the range of 91.0 to 99.8% and 92.9 to 99.9%, re-
spectively (Appendix A Tables S1 and S2). Furthermore, the
total mass of retained phosphate in column was calculated
based on a mass balance approach (i.e., retained mass = influ-
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Table 1 - Selected properties of GO suspensions and porous media under different solution chemistry conditions.

Column porous media Background solution pH ¢-potential ¢-potential of porous  Zaye-go ©

No. of GO* (mV)  medium® (mV) (nm)

1 sand 10 mmol/L NaCl 50 -303+16 -20.1+14 2569 +£1.8
2 sand 10 mmol/L NacCl + 0.1 mmol/L phosphate 50 -30.8+0.8 —22.7 £0.5 228.6 + 3.9
3 sand 10 mmol/L NaCl + 0.5 mmol/L phosphate 50 -319+0.2 -23.8+23 213.9 +£10.6
4 sand 10 mmol/L NaCl + 1.0 mmol/L phosphate 50 -325+17 —-253+15 205.7 £9.2
5 goethite-coated sand 10 mmol/L NaCl 50 -303+16 -10.2+1.3 236.9 + 1.8
6 goethite-coated sand 10 mmol/L NaCl + 0.1 mmol/L phosphate 50 -30.8+0.8 -12.6 £1.4 228.6 + 3.9
7 goethite-coated sand 10 mmol/L NaCl + 0.5 mmol/L phosphate 50 -319+0.2 -174+1.0 256.9 + 1.8
8 goethite-coated sand 10 mmol/L NaCl + 1.0 mmol/L phosphate 50 -325+17 -21.7 £21 205.7 £9.2
9d sand 10 mmol/L NaCl, phosphate-saturated column 50 -303+16 —-238+23 256.9 + 1.8
104 goethite-coated sand 10 mmol/L NaCl, phosphate-saturated column 50 -303+1.6 -184+1.9 256.9 + 1.8
11 sand 0.5 mmol/L CaCl, 50 -172+14 -169+1.7 537.3+22.6
12 sand 0.5 mmol/L CaCl; + 0.1 mmol/L phosphate 50 -181+21 -184+1.1 454.6 +12.7
13 sand 0.5 mmol/L CaCl, + 0.5 mmol/L phosphate 50 -183+16 -234+11 351.3+18.9
14 goethite-coated sand 0.5 mmol/L CaCl, 50 -172+14 —-85+1.0 537.34+22.6
15 goethite-coated sand 0.5 mmol/L CaCl, + 0.1 mmol/L phosphate 50 -181+21 -11.4+17 4546+12.7
16 goethite-coated sand 0.5 mmol/L CaCl, + 0.5 mmol/L phosphate 50 -183+1.6 -19.7 £2.6 351.3+18.9
174 sand 0.5 mmol/L CaCly, phosphate-saturated column 5.0 -172+14 -234+11 537.3+226
181 goethite-coated sand 0.5 mmol/L CaCl,, phosphate-saturated column 50 -17.2+1.4 -19.7 £ 2.6 537.3+226
19 sand 10 mmol/L NaCl 7.0 -315+20 —-240+1.2 2235+9.7
20 sand 10 mmol/L NaCl + 0.5 mmol/L phosphate 70 -323+13 —-27.8+0.9 218.7 £12.5
21 sand 10 mmol/L NaCl 9.0 -—-337+25 —-263+15 230.8+11.2
22 sand 10 mmol/L NaCl + 0.5 mmol/L phosphate 9.0 -352+13 —31.7£2.2 2268 +7.9
23 goethite-coated sand 10 mmol/L NaCl 7.0 -315+20 -15.9+0.5 2235+9.7
24 goethite-coated sand 10 mmol/L NaCl + 0.5 mmol/L phosphate 70 -323+13 —-225+22 218.7 £12.5
25 goethite-coated sand 10 mmol/L NaCl 9.0 -337+25 -21.6+0.9 230.8+11.2
26 goethite-coated sand 10 mmol/L NaCl + 0.5 mmol/L phosphate 9.0 -352+13 —-259+0.6 2268 +7.9

@ Zeta potential of GO; values after + sign represent standard deviation of five replicates.

b Zeta potential of quartz sand; values after + sign represent standard deviation of five replicates.

¢ Hydrodynamic diameter of GO based on DLS analysis; values after + sign represent standard deviation of three replicates.
d Column was presaturated with phosphate before injecting GO suspension.

ent mass - effluent mass - eluted mass. Note that the effluent
mass represent the mass of phosphate in the effluent sam-
ples when GO nanoparticle suspension with phosphate was
injected into the sand column, the eluted mass represent the
mass of phosphate in the effluent samples when the column
was eluted with GO-free background solution.).

2. Results and discussion

2.1.  Transport of GO nanoparticles as affected by
phosphate

The effects of different phosphate concentrations on the
transport of GO in clean sand and goethite-coated sand
columns are illustrated in Fig. 1. The retention profiles are pro-
vided in Appendix A Fig. S3. Because the value of pHpy¢ (point
of zero charge) is 7.8 to 9.3 for goethite (Kosmulski, 2004),
goethite has positive charges on the surface under the exper-
imental condition (i.e., pH 5.0). In the absence of phosphate,

1.4. Batch sorption experiments

A batch sorption method was conducted to investigate the
binding affinities of phosphate onto GO nanoparticles and
porous media (i.e., clean sand and goethite-coated sand) un-

der various solution chemistry conditions. The detailed ad-
sorption procedures are present in Appendix A Sections S3
and S5.

1.5.  DLVO theory

DLVO theory has commonly been applied to qualitatively ex-
plain the transport of colloid in porous media (Wang et al.,
2017a). The total interaction energy (Vror) was determined as
the sum of van der Waals (Vypw) attraction and electrostatic
repulsion (Vgpy). The detailed description regarding the equa-
tions is provided in Appendix A Section S6.

goethite coating inhibited the transport of GO mainly due
to the increase of electrostatic attraction between nanopar-
ticles and porous media (Appendix A Fig. S4) (Duster et al,,
2016; Wang et al., 2017a; Chen et al, 2019; Qi et al., 2019).
Meanwhile, compared with clean sand, the high roughness
of goethite-coated sand surface also caused GO nanoparti-
cles to deposit more easily (Morales et al., 2009; Shen et al.,
2011). Previous studies have confirmed that surface rough-
ness had a significant effect on the retention of colloids in
porous media, e.g., rougher surfaces clearly retained more
colloids than smooth ones (Morales et al., 2009). Moreover,
the DLVO interaction energies between GO and sand/goethite-
coated sand was calculated, and the maximum energy bar-
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Fig. 1 - Effects of phosphate on the transport of GO nanoparticles (10 mg/L at pH 5.0) in quartz sand (columns 1-4) and
goethite-coated sand (columns 5-8) at 10 mmol/L NaCl. (a) and (c) the breakthrough curves of GO in each of the experiments;
(b) and (d) the breakthrough curves of phosphate in the respective experiments.

rier (Pmax) and the secondary energy minimum (®sec) are pro-
vided in Appendix A Table S3. The results indicated that the
surface heterogeneity of sand grains had significant effect
on the hight of ®mnax depth of ®gec for GO (Appendix A Fig.
S5) (Wang et al., 2012a). While the presence of the high ®mnax
(55.5 KgT and 22.1 KgT in sand and goethite-coated sand, re-
spectively) would inhibit GO deposition at the primary energy
minimum well, the GO could be immobilized at the secondary
minimum energy well (Fan et al., 2015b; Lucia and Xu, 2012;
Xia et al.,, 2019b). However, the secondary minimum energy
well of GO in the goethite-coated sand column was shallower
than that in the sand column (-0.52 KT vs. -0.11 KT sub-
graph in Appendix A Fig. S5), indicating that the contribu-
tion of the secondary minimum was less significant in geo-
chemically heterogeneous porous media (i.e., goethite-coated
sand) than clean sand (Wang et al., 2017a). On the basis of the
fact that presence of goethite coating suppressed GO trans-
port (Appendix A Fig. S4), we propose that goethite (positively
charged) created a favorable condition the deposition of GO
nanoparticles (negatively charged) (Feng et al., 2019); and con-
sequently, the nanoparticles were primarily trapped in the pri-
mary minimum rather than secondary minimum (Wang et al.,
2017a).

Interestingly, when phosphate was added into the influ-
ents, phosphate enhanced GO transport in both porous me-
dia under the experimental condition (10 mmol/L NaCl, pH
5.0), and became more significant with increasing phosphate

concentration. For instance, in the absence of phosphate, the
maximum C/Cy of GO reached 85% and 49% in clean sand and
goethite- coated sand, respectively. Whereas, in the presence
of 0.5 mmol/L phosphate, the values increased to 96% and
85% in sand and goethite-coated sand columns, respectively.
Phosphate facilitated GO transport based on three mecha-
nisms. Firstly, even though phosphate has slight effect on the
¢-potential of GO (Appendix A Fig. S6a), phosphate can greatly
influence the surface properties of sand and iron oxides when
it binds to them (Wang et al., 2011b; Tofan-Lazar and Al-
Abadleh, 2012; Wang et al., 2016). Previous studies have con-
firmed that the charge of the grain surface could be modified
from positive to negative due to the adsorbed phosphate ions
(Park et al., 2009). As shown in Table 1 and Appendix A Fig. S6a,
phosphate increased the negative charge of the porous media.
The increase in electrostatic repulsion between the nanopar-
ticles and sand grains promoted GO transport (Lanphere et al.,
2013; Wang et al., 2017a), thereby inhibited the deposition of
GO at the secondary minimum energy well (Tufenkji and Elim-
elech, 2004, 2005). Secondly, Phosphate had a high affinity for
the grain surfaces, resulting in decreasing the deposition of
nanoparticles (Weng et al., 2008; Qin et al., 2012). Thus, com-
petition between phosphate ions and GO nanoparticles for the
fewer deposition sites on porous media surfaces contributed
to promote the transport of GO (as evidence by both break-
through curves and retention profiles of phosphate (Fig. 1,
Appendix A Figs. S3c, and S3d)) (Han et al., 2013; Ren et al,,
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2016; Xu et al.,, 2018). Thirdly, phosphate could inhibit the ag-
gregation of GO nanoparticles (Table 1 and Appendix A Fig.
S6b). Note that phosphate slightly affected the hydrodynamic
particle sizes (e.g., the average hydrodynamic diameter of GO
decreased from 256.9 nm (in the absence of phosphate) to
205.7 nm (in the presence of 0.5 mmol/L phosphate)); thus,
the decrease of GO particle sizes likely played insignificant
role in GO transport (Li et al., 2019). Additionally, in the ab-
sence of phosphate, the retention profiles of GO in goethite-
coated sand column exhibited hyperexponential distribution
in shape (Appendix A Fig. S3b), which was ascribed to the
physical and chemical heterogeneity of the porous media
surface ( Tufenkji and Elimelech, 2005; Dengjun Wang, 2012;
Leij et al., 2016). Similar results were also identified in pre-
vious studies (Wang et al., 2017a; Chen et al., 2019). Hyper-
exponential profiles of retained GO tended to become expo-
nential in shape in the presence of phosphate. This was proba-
bly because the presented phosphate masked the heterogene-
ity of the grain surface. Similarly, previous studies demon-
strated that the retention profiles of retained colloids evolved
exponential in the addition of dissolved organic matter (e.g.,
humic acid) (Lecoanet et al., 2004; Liang et al., 2013). Calcula-
tions based upon DLVO theory suggested that the interaction
energy profiles were sensitive to the changes of phosphate
concentration. For clean sand, the ®,,x values increased from
55.5 KT (without phosphate) to 61.2 KgT (with 0.1 mmol/L
phosphate) and then to 70.6 Kg T (with 1.0 mmol/L phosphate)
(Appendix A Fig. S7a and Table S3). The large energy bar-
riers in the presence of high phosphate concentration indi-
cated that GO was difficult to deposit in the primary energy
minimum on the surfaces of sand grains (Fan et al., 2015b;
Sun et al., 2015; Wang et al., 2017a). Accordingly, the ®gec val-
ues decreased from -0.52 KgT (without phosphate) to —-0.37
KgT (with 1.0 mmol/L phosphate) (Appendix A Table S3), in-
dicating that the increase of electrostatic repulsion inhibited
the deposition of GO at the secondary minimum energy well
(Tufenkji and Elimelech, 2004, 2005). The goethite-coated sand
columns exhibited the same result (Appendix A Fig. S7b and
Table S3).

Intriguingly, with increasing phosphate concentration
(from 0 to 1 mmol/L), the transport-enhancement effect of
phosphate in goethite-coated sand was to a much larger ex-
tent than that in clean sand. As shown in Fig. 1, the maximum
C/Cg values of GO slowly increased from 85% (in the absence of
phosphate) to 90% (0.1 mmol/L phosphate) to 94% (0.3 mmol/L
phosphate) and then to 96% (0.5 mmol/L phosphate) in clean
sand columns. In comparison, the maximum C/Cy values of
GO sharply increased from 49% (in the absence of phosphate)
to 68% (0.1 mmol/L phosphate) to 79% (0.3 mmol/L phosphate)
and then to 86% (0.5 mmol/L phosphate) in goethite-coated
sand columns. Meanwhile, this observation is in line with the
different trends of values of ®max and ®gec in Appendix A Ta-
ble. S3. The observation suggested that the extent of the en-
hancement effects of phosphate on GO transport were varied
considerably depending on the physicochemical characteris-
tics of the porous media (e.g., homogeneity and heterogene-
ity). On the one hand, as mentioned above, the electrostatic
repulsion was an important mechanism for the transport-
enhancement effect of phosphate (Han et al.,, 2013; Li and
Schuster, 2014; Xu et al., 2018). The difference of ¢-potential

20

a 10 mmol/L NaCl

== (.1 mmol/L phosphate
15 | mmmmm 0.5 mmol/L phosphate
== 1.0 mmol/L phosphate

Total masses of retained phosphate (pmol)

sand goethite-coated sand

20

b 0.5 mmol/L CaCl,

mmmm (.1 mmol/L phosphate
15" mmmm 0.5 mmol/L phosphate

10

Total masses of retained phosphate (umol)

oL el

sand goethite-coated sand

Fig. 2 - The total masses of retained phosphate in sand
columns and goethite-coated sand columns: (a) at

10 mmol/L NaCl (columns 2 — 4 and 6 — 8) and (b) at

0.5 mmol/L CaCl, (columns 12-13 and 15-16). The total
mass of retained phosphate in column = influent mass -
effluent mass-eluted mass.

values of goethite-coated sand grains with various phos-
phate concentrations (-12.6, -17.4, and -21.7 mV in the pres-
ence of 0.1, 0.5, and 1.0 mmol/L phosphate, respectively) were
greater than those of sand grains (-22.7, -23.8, and -25.3 mV
in the presence of 0.1, 0.5, and 1.0 mmol/L phosphate, re-
spectively) (Table 1). In this case, the differences in the ex-
tent of the electrostatic repulsion between goethite-coated
sand grains and GO nanoparticles with various phosphate
concentrations were larger than those between sand grains
and GO. Consequently, the difference of electrostatic repul-
sion affected the extent of enhancement effect of phosphate
in sand and goethite-coated sand. On the other hand, and
more importantly, it has been reported that phosphate ions
could form hydrogen-bonded complexes and inner-sphere
complexes (i.e., mono-, and polynuclear complexes) on the sil-
ica surface and goethite surface, respectively (Murashov et al.,
1999; Nowack and Stone, 2006; Xu et al., 2016b). Consequently,
the binding affinity of phosphate to sand surfaces was much
weaker than that to goethite-coated sand surfaces (see the
adsorption coefficients (K4) of phosphate to clean sand and
goethite-coated sand in Appendix A Fig. S8). Additionally,
on the base of the breakthrough curves of phosphate, the
difference of calculated total masses of retained phosphate
with different initial phosphate concentrations in goethite-
coated sand columns was also greater than those in sand
columns (Fig. 2). Therefore, competitive effect of phosphate
on goethite-coated sand surfaces was stronger than on sand
surfaces. Consequently, the enhancement effect of phosphate
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Fig. 3 - Effects of phosphate coating on porous medium on
the transport of GO (10 mg/L at pH 5.0) in (a) quartz sand
(columns 3 and 9) and (b) goethite-coated sand (columns 7
and 10) at 10 mmol/L NaCl (pH 5.0). The columns were
saturated with 0.5 mmol/L phosphate in phase 1, GO
transport at 10 mmol/L NaCl in phase 2; the columns were
eluted with 10 mmol/L Nacl in phase 3.

—-o— 0.5 mmol/L CaCl,

on GO transport in goethite-coated sand was to a larger extent
than that in sand when phosphate concentration increased
from 0.1 to 1.0 mmol/L. Moreover, GO without phosphate ex-
hibited higher mobility in clean sand than that in goethite-
coated sand (Appendix A Fig. S4), so this might be another
reason that caused the enhancement in clean sand was rela-
tively smaller in the presence of phosphate.

Furthermore, in order to clarify the role of the adsorbed
phosphate on clean sand and goethite-coated sand in GO
transport, the porous media was saturated using the phos-
phate solutions (0.5 mmol/L) before injecting GO suspensions
through the column (Fig. 3) (Yang et al., 2012; Xia et al., 2015;
Zhang et al., 2020), and the breakthrough curves of phosphate
and retention profiles are provided in Appendix A Fig. S9
and Fig. S10, respectively. In this case, both the clean sand
and goethite-coated sand were bound with phosphate, which
slightly facilitated the transport of GO in the columns sat-
urated with phosphate solutions comparing with the trans-
port of GO without phosphate (the maximum C/Cy values of
GO gradually increased from 85% to 88%) (Fig. 3a). Whereas,
in the goethite-coated sand, GO transport in the phosphate-
saturated sand column was considerably enhanced in com-
parison with the transport of GO without phosphate—not only
was the maximum C/Cy value of GO reached more quickly,
but the value sharply increased from 49% to 75% (Fig. 3Db).
These results are consistent with the mechanisms mentioned
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Fig. 4 - Effects of phosphate on the transport of GO (10 mg/L at pH 5.0) in quartz sand (columns 11-13) and goethite-coated

sand (columns 14-16) at 0.5 mmol/L CaCl,.

(a) and (c) the breakthrough curves of GO in each of the experiments; (b) and (d) the breakthrough curves of phosphate in the

respective experiments.
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above. That is, the transport-enhancement effect of phos-
phate (via the increase of electrostatic repulsion and deposi-
tion site competition induced by the retained phosphate) in
goethite-coated sand was to a much larger extent than did in
sand.

2.2.  Effects of phosphate on the transport of GO
nanoparticles in the presence of Ca®*

The effects of phosphate on GO transport in saturated clean
sand and goethite-coated sand in the presence of Ca?*were
investigated (Fig. 4). The retention profiles are given in
Appendix A Fig. S11. Similarly, both in sand and goethite-
coated sand columns, phosphate also enhanced GO transport.
For example, the maximum C/Cy of GO increased from 58%
and 27% (in the absence of phosphate) to 85% and 57% (with
0.1 mmol/L phosphate) to 90% and 80% (with 0.5 mmol/L phos-
phate) in the clean sand and goethite-coated sand columns,
respectively. On the basis of interpretation mentioned above,
phosphate could change the surface charge of sand/goethite-
coated sand grains when it was adsorbed onto them. For
clean sand, the divalent metal cation enhanced the adsorp-
tion of phosphate by forming sand-Ca-phosphate complexs,
the dominant mechanism was cation bridging (i.e., dissolved
Ca?*ions served as a bridging agent between phosphate and
sand grains) (Fan et al., 2015b; Xia et al., 2015). For goethite-
coated sand, free Ca?t ions could not readily bind to the iron
oxide surface due to the electrostatic repulsion (Zhang et al.,
2018). However, as mention above, phosphate ions could
form =Fe-phosphate complexes ( Nowack and Stone, 2006;
Xu et al., 2016b). In this case, Ca?* was possibly captured by
the preloaded phosphate, and consequently further enhanced
phosphate sequestration by the formation of multiple =Fe
—phosphate—Ca—phosphate complexes (Zhang et al., 2018).
Therefore, the presence of phosphate increased the electro-
static repulsion between GO and porous media (i.e., sand and
goethite-coated sand) in the addition of Ca?* (as evidenced by
the ¢-potential values of GO and porous media with or with-
out phosphate, Table 1 and Appendix A Fig. S6c) (Wang et al.,
2017a; Qi et al., 2019). Meanwhile, the deposited phosphate
ions on the grain surfaces could compete with GO nanopar-
ticles for deposition sites (also proved by the breakthrough
and retention of phosphate in the Fig. 4, Appendix A Figs.
S8c, and S8d) (Han et al., 2013; Xu et al., 2018), resulting in
enhancing the transport of GO. In addition, compared with
Na™, phosphate was more effective in inhibiting aggregation
of GO nanoparticles in the presence of Ca?* (for example, the
Zayg values of GO decreased from 537.3 nm (without phos-
phate) to 351.3 nm (with 0.5 mmol/L phosphate), Table 1 and
Appendix A Fig. S6b); therefore, the decrease of GO particle
sizes likely played significant role in enhancing GO transport
in the presence of Ca*(Lanphere et al., 2013; Qi et al., 2014b;
Fan et al., 2015b). Furthermore, this trend was qualitatively in
line with the DLVO interaction energy profiles (i.e., the maxi-
mum energy barrier (®max) became higher as the phosphate
concentration increased (Appendix A Fig. S12).

When the phosphate concentration increased from 0.1 to
0.5 mmol/L, a surprising observation was that the transport-
enhancement effect of phosphate in sand (e.g., the C/Cy value
increased from 85% and 90%, Fig. 4a) was to a much weaker
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Fig. 5 - Effects of phosphate coating on porous medium on
the transport of GO (10 mg/L at pH 5.0) in (a) quartz sand
(columns 13 and 17) and (b) goethite-coated sand (columns
16 and 18) at 0.5 mmol/L CaCl, (pH 5.0). The columns were
saturated with 0.5 mmol/Lphosphate in phase 1, GO
transport at 0.5 mmol/L CaCl, in phase 2; the columns were
eluted with 0.5 mmol/L CaCl, in phase 3.

extent than that in goethite-coated sand (e.g., the C/Cy value
increased from 57% and 80%, Fig. 4b). This observation could
possibly be explained by two major mechanisms. Firstly, the
difference of ¢ -potential values of goethite-coated sand grains
between presence of 0.1 mmol/L and 0.5 mmol/L phosphate
(-8.5 vs. -19.7 mV) were greater than those of sand grains (-
16.9 vs.-23.4 mV).In other words, the differences in the extent
of the electrostatic repulsion between porous media and GO
were contributed to the difference of transport-enhancement
effect. Secondly, as discussed earlier, competition between GO
and phosphate for the deposition sites was another essential
mechanism for transport-enhancement effect of phosphate
(Han et al,, 2013; Xu et al., 2018). As shown in Fig. 2b and
Appendix A Table S2, the total mass of retained phosphate
(in the presence of 0.5 mmol/L) was about one time more than
thatin the presence of 0.1 mmol/L phosphate in sand columns
(i-e.,1.78 vs.0.86 umol). In comparison, in goethite-coated sand
columns, the total mass of retained phosphate (the initial
phosphate concentration was 0.5 mmol/L) was about four
times higher than that in the presence of 0.1 mmol/L phos-
phate (i.e., 3.8 vs.15.2 umol). In this case, competitive effect
of phosphate on sand surfaces was weaker than on goethite-
coated sand surfaces. Hence, phosphate enhanced GO trans-
port in goethite-coated sand to a larger extent than did in
sand when phosphate concentration increased from 0.1 to
0.5 mmol/L.
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Fig. 6 - Effects of phosphate (0.5 mmol/L) on transport of GO (10 mg/ L) in quartz sand (a, c, and e, columns 1, 3, 19-22) in
goethite-coated sand (b, d, and f, columns 5, 7, 23-26) under different pH conditions.

Furthermore, we also conducted additional experiments
by saturating the porous media with the phosphate solutions
(0.5 mmol/L) before injecting GO suspensions through the col-
umn (Fig. 5). The breakthrough curves of phosphate and re-
tention profiles are given in Appendix A Fig. S13 and Fig.
S14, respectively. Interestingly, unlike Na*, the transport of
GO in the phosphate-saturated sand column was considerably
enhanced in comparison with the transport of GO without
phosphate (the maximum C/C, values of GO increased from
58% to 70%) (Fig. 5a). This observation is consistent with the
mechanisms discussed earlier. Sand grains exhibited much
higher adsorption capacities for phosphate in the presence of
Ca?* than in the presence of Nat due to the cation bridging
(Appendix A Fig. S5) (Millero et al.,, 2001; Rietra et al., 2001;
Lin et al., 2017).Thus, the phosphate coating in the presence
of Ca?* enhanced GO transport more significantly than did in
the presence of Na™ due to the more significant competitive
effect of adsorbed phosphate.

2.3.  Effects of phosphate on the transport of GO
nanoparticles under different pH conditions

The effects of phosphate on GO transport in uncoated and
goethite-coated sand under different pH conditions (5.0, 7.0,
and 9.0) are also investigated (Fig. 6). The retention profiles
are present in Appendix A Fig. S15.The results showed that
phosphate could facilitate GO transport under all the tested
pH. Note that phosphate has a slight effect on the ¢-potential
of GO over the pH range from 5.0 to 9.0 (Table 1). Thus, as men-
tioned above, the main mechanisms of enhanced GO trans-
port by phosphate were ascribed to the enhanced electrostatic
repulsion between porous media and GO nanoparticles, and
the competition between GO nanoparticles and phosphate
ions for deposition sites (Han et al., 2013; Ren et al., 2016;
Chen et al., 2018b; Xu et al., 2018). It is noted that the depo-
sition of phosphate on the grain surfaces decreases with in-
creasing pH from 5.0 to 9.0 due to the increase of electrostatic
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repulsion between phosphate ions and porous media (note
that dominant species of phosphate changed from H,PO- 4
(at pH 5.0) to HPO2- 4 at pH 9.0 (Stumm and Morgan, 1981;
Tejedor-Tejedor and Anderson, 1990); this is evident by the
transport and deposition of phosphate in Appendix A Figs.
S16 and S17. Consequently, the competitive effect of phos-
phate ions decreased with increasing solution pH.

Interestingly, at a given pH value, the transport-
enhancement effect of phosphate in goethite-coated sand
was to a much larger extent than that in sand. For instance,
the value of maximum C/Cy of GO increased from 92% (with-
out phosphate) and 95% (with 0.5 mmol/L phosphate) in sand
columns at pH 9.0 (Fig. 6e); in comparison, the maximum
C/Cy of GO increased from 76% to 93% in goethite-coated
sand columns (Fig. 6f). Meanwhile, this observation is in
line with the trends of the DLVO interaction energy profiles
(Appendix A Fig. S18). Goethite-coated sand had a much
larger phosphate sorption capacity than sand grains under
the same pH condition (Fig. 9). Thus, more phosphate ions
competed with nanoparticles for deposition sites in the
goethite-coated sand columns, which could be more effective
in enhancing the transport of GO (Han et al.,, 2013; Xu et al,,
2018). The results further highlight the roles of retained
phosphate in the transport-enhancement effect of phosphate
during the transport process.

3. Conclusions

The present study clearly demonstrates phosphate has en-
hanced effects on GO transport in saturated uncoated and iron
oxide-coated sand columns. The transport-enhancement ef-
fect of phosphate was attributed to the increase of electro-
static repulsion between porous media and nanoparticles as
well as deposition site competition induced by the retained
phosphate. Interestingly, when the concentration of phos-
phate increased from 0.1 to 1.0 mmol/L, the enhancement ef-
fect of phosphate on GO transport in goethite-coated sand
was to a larger extent than that in clean sand, mainly be-
cause the differences in the extent of the electrostatic repul-
sion as well as the competitive effect of retained phosphate
in goethite-coated sand columns were larger than those in
sand columns. Furthermore, when the background solution
contained 0.5 mmol/L Ca%*, phosphate could bind to clean
sand/goethite-coated sand through cation bridging, resulting
in facilitating the transport of GO. Also, the DLVO theory were
applicable to interpret the phosphate-dependent transport of
GO. Overall, the findings of the present study will improve the
current understanding of the environmental behaviors of GO
in natural soil/groundwater systems containing phosphate,
which can influence the transport of GO.
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