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ARTICLE INFO ABSTRACT

Keywords: This paper evaluates a novel sorbent for the removal of potentially toxic elements, inherent cations, and hetero-
Engineered biochar chloride from hydraulic fracturing wastewater (FWW). A series of iron-biochar (Fe-BC) composites with different
Mineral-carbon composites Fe/BC impregnation mass ratios (0.5:1, 1:1, and 2:1) were prepared by mixing forestry wood waste-derived BC
Metals/metalloids

powder with an aqueous FeCl; solution and subsequently pyrolyzing them at 1000 °C in a N,-purged tubular
furnace. The porosity, surface morphology, crystalline structure, and interfacial chemical behavior of the Fe-BC
composites were characterized, revealing that Fe chelated with C—O bonds as C—O—Fe moieties on the BC
surface, which were subsequently reduced to a C=C bond and nanoscale zerovalent Fe (nZVI) during pyrolysis.
The performance of the Fe-BC composites was evaluated for simultaneous removal of potentially toxic elements
(Cu(I), Cr(VD), Zn(Il), and As(V)), inherent cations (K, Na, Ca, Mg, Ba, and Sr), hetero-chloride (1,1,2-tri-
chlorethane (1,1,2-TCA)), and total organic carbon (TOC) from high-salinity (233 gL~ total dissolved solids
(TDS)) model FWW. By elucidating the removal mechanisms of different contaminants, we demonstrated that
Fe-BC (1:1) had an optimal reducing/charge-transfer reactivity owing to the homogenous distribution of nZVI
with the highest Fe®/Fe?™ ratio. A lower Fe content in Fe-BC (0.5:1) resulted in a rapid exhaustion of Fe®, while a
higher Fe content in Fe-BC (2:1) caused severe aggregation and oxidization of Fe®, contributing to its com-
plexation/(co-)precipitation with Fe>* /Fe®*. All of the synthesized Fe-BC composites exhibited a high removal
capacity for inherent cations (3.2-7.2g g~ ') in FWW through bridging with the C—O bonds and cation-m in-
teractions. Overall, this study illustrated the potential efficacy and mechanistic roles of Fe-BC composites for
(pre-)treatment of high-salinity and complex FWW.

Fracturing wastewater treatment
Sustainable remediation

1. Introduction energy from conventional sources (Abass et al., 2017). This leads to the
generation of large amounts of fracturing wastewater (FWW) as a pri-

Significant increase in hydraulic fracturing has been forecasted in mary negative environmental impact. FWW contains high levels of total
the future (e.g, ~45% in 2013-2040 for the US and 8-12% in dissolved solids (TDS), potentially toxic elements, poorly biodegradable
2015-2020 for China) due to the reduced cost of harvesting gas and oil hetero-chlorides, and other dissolved organic substances (Abualfaraj
from shale formations, for moderating the rising global demand for et al., 2014; Shih et al., 2015), which may exert detrimental impacts on
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reproduction and mortality in organisms (Blewett et al., 2017). FWW
management strategies favor its treatment, recycling, and reuse or
discharge because of both the cost and lack of deep injection wells, and
legislative and social license constraints (Butkovskyi et al., 2017).
Among new technologies (e.g, electrocoagulation (Kausley et al.,
2017), advanced oxidation (Abass et al., 2017), and microbial fuel cells
(Shrestha et al., 2018)) which have yet to be proven at full scale, re-
verse osmosis (RO) has been considered the most widely applicable
treatment method to remove over 70% of the inorganic (Shaffer et al.,
2013) and most of the organic compounds of concern in FWW, except
low-molecular-weight chlorinated hydrocarbons (Butkovskyi et al.,
2017). However, RO is susceptible to scaling and bio-fouling, which
should be prevented by prior removal of minerals and organics via
extensive pretreatments, e.g., microfiltration, biological, and adsorp-
tion-based treatment (Camarillo et al., 2016). The latter, in particular,
can also reduce salinity and remove potentially toxic elements and
poorly biodegradable hetero-chlorides, which allow for the application
of downstream biological treatments.

Our previous studies have demonstrated granular or nanoscale zero-
valent iron (ZVI) as a suitable sorbent, with high reactivity in terms of
chemical reduction, complexation, and (co-)precipitation, for the re-
moval of multiple inorganic and organic contaminants which are ty-
pically present in FWW (Lei et al., 2018a; Sun et al., 2017a, 2017b,
2018). In these studies, the use of a protective polymer-based coating
could prevent agglomeration of nanoscale ZVI (nZVI) particles, which
improved their reactivity (Lei et al., 2018a; Sun et al., 2017b). How-
ever, long-term resistance against passivation in high-salinity FWW
remains a challenge in sustaining a high level of performance of nZVI
(Lei et al., 2018a; Sun et al., 2018).

Recently, porous carbon or mineral materials (e.g., activated carbon
and zeolite) have attracted much attention as nZVI supporters, owing to
their high surface area and specific pore/channel structure that prevent
oxidation and aggregation of nZVI (Stefaniuk et al., 2016), and there-
fore may be applicable for FWW treatment (Butkovskyi et al., 2018;
Chang et al., 2017; Lobo et al., 2016). Compared to activated carbon,
biochar (BC), a porous material derived from biological waste via pyr-
olysis, offers a more sustainable option as a solid support for nZVI
(Rajapaksha et al., 2016). More importantly, BC may carry more
abundant oxygen-containing surface functional groups (e.g, C—O,
C—0—C, and C=O0) than activated carbon, which may be capable of
interacting with Fe to form multifunctional Fe-BC composites (Zhu
et al., 2017).

The synthesis of Fe-BC composites, for example, through a one-step
pyrolysis of BC pretreated with FeCl; at high temperature (i.e., 1000 °C;
Lawrinenko et al., 2016; Wu et al., 2015), enables the complimentary
coupling of the respective adsorptive, reductive, and complexing ca-
pacities of BC and Fe in one composite material. We herein adopt the
lignin-containing wood waste as the feedstock, which results in macro-
and meso-porous structure for harboring nZVI. The technique tends to
be more economic, scalable, and sustainable for engineering applica-
tions than other sorbents (Lawrinenko et al., 2016; Rajapaksha et al.,
2016). Despite the advantages of Fe-BC composites in terms of mag-
netization, high specific surface area, high reactivity, etc., their appli-
cations in wastewater or soil remediation have been limited to the re-
moval of chlorinated organics (e.g., 2,4-dichlorophenol and 1,1,1-
trichlroethane) and potentially toxic elements (e.g., Cu, Zn, Pb, Ni, Cd,
As, Cr, and Ag) in low ionic strength systems (Dong et al., 2017; Li
et al., 2017; Oh et al., 2016; Wang et al., 2017a; Zhou et al., 2014; Zhu
et al., 2017). Therefore, it is uncertain that if Fe-BC composites are
capable to simultaneously remove multiple contaminants in high-sali-
nity FWW. Moreover, the relationships between the physicochemical
structural properties, performance, and mechanisms are not well un-
derstood, which are critical knowledge gaps in designing advanced
biochar-based materials for environmental remediation. Furthermore,
the impact of a high-salinity background on the Fe-BC performance is
yet to be revealed, which is a critical challenge in FWW treatment.
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Table 1
Chemical compositions of Day-90 hydraulic fracturing wastewater (Day-90
FWW).

Composition Day-90 FWW Unit
Potassium 16,704 mgL~!
Calcium 21,160 mgL~!
Sodium 44,040 mgL~?!
Barium 2130 mgl~!
Magnesium 1679 mgL~?!
Strontium (II) 3154 mgL~!
Iron (III) 117 mgl~!
Chloride 127,018 mgL~?!
Nitrate 1085 mgL~!
Bromide 1175 mgL~!
Boron 18.1 mgl~!
Copper (II) 116 mgL~?!
Zinc (I1) 247 mgL~!
Chromium (VI) 2.2 mgL™ 1
Arsenic (V) 1.1 mgL~ 1
1,1,2-Trichloroethane 2.0 mgL~!
pH 5.9 -
TDS 233.3 gL™!
TOC? 670 mgL~!

# TOC mainly derived from polyacrylamide (0.088%, v/v), ethylene glycol
(0.043%, v/v), and glutaraldehyde (0.010%, v/v), which were organic com-
pounds commonly found in FWW.

In this study, Fe-BC composites with different Fe/BC impregnation
mass ratios (0.5:1, 1:1, and 2:1) were synthesized through a one-step
pyrolysis of FeClz-pretreated BC at 1000 °C with continuous N5 purging.
The objectives of this research were to: (i) determine the impact of the
Fe/BC mass ratio on the physiochemical properties, surface structure,
and interfacial chemical behavior of the resulting Fe-BC composites;
and (ii) to identify the diverse mechanisms for the removal of poten-
tially toxic elements (Cu(Il), Cr(VI), Zn(Il), and As(V)), inherent cations
(Na, Ca, K, Mg, Sr, and Ba), 1,1,2-TCA, and TOC from high-salinity
FWW by Fe-BC composites. The results of this study should be con-
ducive to improving future design of high-performance, engineered Fe-
BC composites for full-scale, practical FWW (pre-)treatment.

2. Materials and methods
2.1. Chemical composition of synthetic FWW

Model Day-90 FWW (representing the fluids returning to the ground
surface 90 days after well creation) was prepared according to
“Sampling and Analysis of Water Streams Associated with the
Development of Marcellus Shale Gas” (Hayes, 2009) (Table 1), as used
in previous studies (Chen et al., 2016, 2017; Lei et al., 2018a; Sun et al.,
2017a, 2017b, 2018). Detailed information on the chemical composi-
tion is shown in the Supporting information. The metal speciation in
Day-90 FWW was calculated using Visual MINTEQ version 3.0 (Tables
S1 and S2 in the Supporting information).

2.2. Preparation of Fe-BC composites

The BC derived from forestry wood waste (Acacia confusa and Celtis
sinensis) was supplied by Kadoorie Farm and Botanic Garden (KFBG) in
Hong Kong, where slow pyrolysis (at 5°Cmin~') at 650 °C for at least
15 h was performed to produce biochars for forestry/agricultural use at
KFBG. The as-received BC was ground and sieved to be within the size
range of 0.075-1.18 mm before use. The Fe-BC composites were pre-
pared according to a method developed in previous studies
(Lawrinenko et al., 2016; Zhu et al., 2017). Detailed information on the
synthesis process is available in the Supporting information. The ob-
tained products are denoted as Fe-BC (0.5:1), Fe-BC (1:1), and Fe-BC
(2:1), respectively, where the suffix number represents the Fe/BC
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impregnation mass ratios.
2.3. Microscopic characterization of Fe-BC composites

The characteristics of the BC and the Fe-BC composites were iden-
tified via employing the Brunauer-Emmett-Teller (BET) surface area and
porosity, scanning electron microscopy-energy dispersive X-ray spec-
troscopy (SEM-EDX), X-ray diffraction (XRD), Raman spectroscopy,
Fourier transform infrared spectroscopy (FTIR), thermogravimetric
analysis (TGA), and X-ray photoelectron spectroscopy (XPS) analyses.
Detailed information on the characterization is available in the
Supporting information.

2.4. Treatment of Day-90 FWW by Fe-BC composites

To investigate the removal kinetics of Cu(Il), Cr(VI), Zn(II), As(V),
and 1,1,2-TCA from Day-90 FWW by Fe-BC composites with different
Fe/BC impregnation mass ratios (0.5:1, 1:1, and 2:1), 2 gL_1 suspen-
sions of Fe-BC composites (determined according to our previous work;
Lei et al., 2018a; Sun et al., 2017a, 2017b, 2018) were reacted with 25-
mL Day-90 FWW, while a similar reaction with BC was conducted for
comparison in 60-mL glass vials with triple-sealed closures. Detailed
information on the treatment of Day-90 FWW is available in the Sup-
porting information.

2.5. Analytical methods

The samples were analyzed for As(V) by atomic absorption spec-
trometry (AAS) using a vapor generation accessory (VGA-AAS, Agilent
VGA77, limit of detection (LOD) of 1 ugL™") and inductively coupled
plasma-atomic emission spectrometry (ICP-AES, Spectro Arcos) for Zn,
Fe, Na, Ca, K, Mg, Sr, and Ba (LOD of 0.1 mg L™D, after total digestion
in HNO3; and HCIO4. Cr(VI) and Cu(II) concentrations were determined
by UV-Vis spectrophotometry (US EPA Clean Water Act Analytical
Methods, 3500-B-2009). GC-MS (Agilent 7890B GC analyzer, 5977
Mass Selective Detector, USA) was used to measure concentrations of
1,1,2-TCA subsequent to the hexane extraction procedure. Detailed
information on the GC-MS setup is available in the Supporting in-
formation. The TOC was measured using a TOC analyzer (SSM-5000A,
Shimadzu, Japan, LOD of 0.1 mgL ™).

Calibration of standard organic/inorganic concentrations was car-
ried out prior to each analysis. Standards were analyzed every 10
samples for quality assurance and quality control. All experiments were
performed in duplicate (or triplicate when deviation was > 5%), and
the results are presented as mean =+ deviations. One-way analysis of
variance (ANOVA) followed by the Duncan test was applied to analyze
the significance of the difference between data (SPSS version 22.0). The
lower-case letters in Figs. 4, 5, 7, and S6 indicate the significance level
(p < 0.05) in the results.

3. Results and discussion

3.1. Physiochemical properties and crystalline structure of Fe-BC
composites

Selected physiochemical properties of BC and the synthesized Fe-BC
composites with impregnation of different Fe/BC mass ratios (0.5:1,
1:1, and 2:1) are summarized in Table 2. The Fe content in the Fe-BC
composites ranged from 26.2 *+ 0.1 to 54.2 * 2.7 wt%, lower than the
33.3-66.6% Fe present in the Fe/BC mass ratios upon initial mixing.
This loss of Fe was associated with washing steps that removed excess
Fe. Meanwhile, the contents of Ca, K, and Mg markedly decreased after
Fe addition and washing. Notably, the increases in molar concentration
of loaded Fe (from 0.02 to 4.7-9.7 molkg™') were higher than the
losses of Ca (from 0.47 to 0.32-0.20 mol kgfl), K (from 0.12 to
0.038-0.018 mol kg_l), and Mg (from 0.029 to 0.015-0.004 mol kg_l)
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from the Fe-BC composites (0.5:1-2:1). These results suggest that Fe
was loaded on the BC surface firstly through competitive ion exchange
and then by precipitation after saturation of exchangeable sites that
originally held Ca, Mg, and K (Li et al., 2017).

The specific surface area decreased from 227.3m*g~' for the
control BC to 223.0-138.4m?g ! for the Fe-BC composites, which
might have been caused by blockage of pores on the BC surface after Fe
precipitation. Moreover, the pre-soaking in a highly acidic FeCl; solu-
tion, at pH = 0.8-1.8, may have eroded the carbon structure during
pyrolysis, resulting in fewer micropores (from 74.2 to 73.2-51.6% of
total pore volume) and larger pore diameters (from 2.34 to
2.39-3.01 nm) in the Fe-BC composites (Wang et al., 2017b). Compared
with the control BC, the pH of the Fe-BC composites decreased from 9.7
to 5.6-5.2, which could be attributed to the hydrolysis of Fe** /Fe®*,
viz. (i)  4Fe®* + Oy + 4.5H,0 — 2Fe,050.5H,0 + 8H*,  (ii)
6Fe®* + 0, + 6H,0 — 2Fe304 + 12H™, and (iii) Fe®* + H,0 —Fe
(OH)?>* + H* (Zhang et al., 2017). The zeta potential of Fe-BC com-
posites (from —36.1 to 14.1-26.0 mV) and the pH value at the point of
zero charge (pHp,) (from 4.9 to 5.4-5.6) increased owing to an in-
creasingly positive surface charge after the formation of various iron
(hydr)oxides minerals with higher Fe mass ratios. Thus, Fe impregna-
tion can reduce the inherent alkalinity of BC, and thereby significantly
increase the BC adsorption capacity for removing oxyanions (e.g., Cr
(VI) and As(V)) through electrostatic interaction with the more posi-
tively charged BC surface (Cho et al., 2017a). The cation exchange
capacity (CEC) of Fe-BC composites was also found to decrease (from
975 to 781-553 meq kg ™ !) in accordance with the lower contents of Ca,
K, and Mg, or blockage of exchangeable sites due to Fe precipitation.

The SEM-EDX analysis of the BC and Fe-BC composites are pre-
sented in Fig. S1. In contrast to the smooth surface with distinct
channels and internal micropores on the control BC (Fig. Sla), large
numbers of Fe particles were observed on the surface of Fe-BC com-
posites. In the Fe-BC (0.5:1), micro-scale particles existed mainly in the
interior micropores of the flaky cracking BC surface (Fig. S1b). As the
Fe loading increased, i.e., for Fe-BC (1:1), Fe particles with diameters
ranging from micro- to nano-scale were present (Fig. S1c and e). These
particles were evenly distributed in both micropores and on the surface
of bulkier dendritic flocs, with an average particle size of 20-100 nm.
Thus, BC can serve as a porous carbon support for Fe, increasing the
dispersion of nanoparticles (NPs) (Han et al., 2015). In contrast, ob-
vious particle aggregation into discrete spheres of ~10um was ob-
served in the Fe-BC (2:1) (Fig. S1d), which is consistent with a previous
finding that iron NPs tended to aggregate at an Fe/BC impregnation
mass ratio of 4:1 (Yang et al., 2016; Zhu et al., 2017). EDX analysis
revealed the co-existence of Fe, O, C, and Cl elements on the Fe-BC
surfaces, suggesting the possible formation of iron (hydr)oxides.

The XRD patterns of the BC and Fe-BC composites are shown in
Fig. 1a. In the case of the BC, the carbon matrix was highly graphitic,
but the spectra of Fe-BC composites were less ordered because Fe likely
decreased the graphitic order of the carbon structure, or masked the
sharp carbon peaks due to surface Fe precipitation. As for Fe-BC com-
posites, the characteristic peaks at 44.8° and 65.1° were assigned to a-
Fe® corresponding to the crystal planes of (110) and (200), respectively,
indicating the formation of ZVI (Wu et al., 2015). However, the absence
of an Fe oxide diffraction peak in the Fe-BC XRD pattern suggests the
amorphous nature of iron (hydr)oxides and/or that their concentrations
are below the detection limits of the XRD technique (Wu et al., 2015).

The Raman spectra of the BC and Fe-BC composites further eluci-
dated physical characteristics of the carbonaceous materials, as shown
in Fig. 1b. The two peaks at 1365 and 1585 cm ™! correspond to the
characteristic D and G bands of carbon, i.e., amorphous polyaromatic
hydrocarbons and sp? C in graphitized carbon, respectively (Chia et al.,
2012; Wang et al., 2017b). The intensity ratio of the D peak to the G
peak (Ip/Ig) of the Fe-BC composites (0.93-1.01) is greater than that of
the control BC (0.77), suggesting that the presence of Fe during the
pyrolysis of BC induced more disordered defects within the BC structure
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Table 2

Physical and chemical properties of BC and Fe-BC composites with different Fe/BC impregnation mass ratios (0.5:1, 1:1, and 2:1).

BC Fe-BC (0.5:1) Fe-BC (1:1) Fe-BC (2:1)

Fe (%)° 0.0877 = 0.0001 26.2 = 0.1 375 = 1.1 54.2 = 2.7
Ca (gkg™"?" 18.7 + 0.5 12.6 + 0.3 11.2 + 0.2 8.10 + 0.04
K (gkg™* 4.70 = 0.20 1.50 + 0.03 0.970 + 0.020 0.730 = 0.010
Mg (gkg’l)‘1 0.690 = 0.040 0.360 = 0.010 0.250 + 0.010 0.100 = 0.003
BET surface area, Sggr (m?g™ 1) 227 223 172 138
Micropore surface area, Smicro (m? g’l) 181 180 132 98.6
Internal surface area, Sy (m?g~1) 46.0 42.9 42.9 39.9
Total pore volume, Vi (cm®g™ 1) 0.133 0.133 0.123 0.104
Micropore volume, Viiero (cm®g™1) 0.0986 0.0977 0.0718 0.0538
Viicro/ Viotal (%) 74.2 73.2 58.5 51.6
Average pore diameter, D, (nm) 2.34 2.39 2.80 3.01
pH" 9.70 5.60 5.20 5.20
CEC (meqkg™)° 975 781 658 553
Zeta potential (mV)! -36.1 14.1 21.2 26.0
PHp" 4.90 5.40 5.50 5.60

@ Determined by total digestion (HNO3; + HCIO,) and ICP-AES analysis.

b 1 g solid + 20 mL DIW, 4-h end-over-end rotation (30 rpm), centrifugation (4000 rpm, 10 min), test supernatant pH.

¢ Cation exchange capacity, determined by BaCl,-MgSO, procedure.

4 0.25 g solid + 25 mL DIW, 30-min sonication, determined by DLS Zetasizer.

¢ pH value at point of zero charge in Day-90 FWW.

(Lawrinenko et al., 2017). This result is in good agreement with the
XRD results.

3.2. Surface chemical behavior and thermal stability of Fe-BC composites

The FTIR spectra helped determine the functional groups on the
surfaces of the BC and Fe-BC composites (Fig. 1c). In the case of the BC,
the broad spectral band with a peak at 3440 cm ™~ ' was attributed to the
presence of the —OH group (Cho et al., 2017b). A visible spectral band
with a peak at 1116 cm ™! was ascribed to C—0/C—0—C surface func-
tional groups (Niazi et al., 2018). The small bands at 1583 and
1384 cm ™! are consistent with aromatic rings (Oh et al., 2016),
whereas methyl C—H bending occurring around 1434cm™' and the
peak at 875 cm ™! are attributed to the C—H bands of aromatic species
(Cho et al., 2017a; Mohan et al., 2015). After Fe impregnation, the
bands decreased for C—O/C—0—C (1116 cm~!) and C—H (1434 and
875cm™ '), whereas an aromatic C=C band appeared at 1630 cm™*
(Devi and Saroha, 2014). This result suggests that polymerization and
carbonization of BC occurred during the synthesis of the Fe-BC

composites (Wang et al., 2017b), which accounted for more amorphous
aromatic C observed in the Raman spectra. The bands at 680 and
470 cm ™! were assigned to the Fe—O and C—Cl vibration modes (Devi
and Saroha, 2015; Yan et al., 2013), respectively, indicating that Fe-O
complexes and/or iron oxides existed/adhered on the surfaces of the Fe-
BC composites, in addition to the presence of Fe® revealed by XRD. The
Fe-O might originate from Fe>* hydrolysis after FeCl; pretreatment,
which could chelate before pyrolysis and form a bidentate bridge with
oxygen-containing functional groups of the BC (Wang et al., 2016; Yan
et al., 2013). The increased intensity of the —OH band (3440 cm ™Y in
the Fe-BC composites can be attributed to the presence of iron hydro-
xides on the BC surface (Qian et al., 2017; Tang et al., 2017).

The mass loss and thermal stability of the materials were evaluated
by TGA (Fig. 1d1-2). The derivative thermogravimetry (DTG) peak
shifted from 600 to 650 °C in the pattern of the BC to 750-950 °C in that
of the Fe-BC composites (Fig. 1d2). This result is indicative of enhanced
thermal stability upon the impregnation of Fe due to the formation of a
C—O—Fe bond as inferred from the FTIR result (Li et al., 2014; Yang
et al., 2016). There was a positive correlation between total mass loss at
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Fig. 1. XRD (a), Raman (b), FTIR (c), and TGA (d) analysis of BC and Fe-BC composites with different Fe/BC impregnation mass ratios (0.5:1, 1:1, and 2:1).
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Day-90 FWW treatment.

800-850 °C and Fe loading ratio (Fig. 1d1), which may correspond to
the transformation of non-volatile Fe oxides and reduction to Fe® in the

Fe-BC composites (Wang et al., 2015).
The XPS survey showed that the BC was composed of C 1s and O 1s,

whereas the Fe-BC composites incorporated C 1s, O 1s, and Fe 2p
(Figs. 2a, S2a, and 3a). In all samples, the C 1s spectra were composed
of three peaks that were assigned to C—C/C=C at 284.8eV, C—O at
285.8 eV, and st-rt* transition in aromatic rings at 288.3 eV (Lau et al.,
2017; Ling et al., 2017). As the Fe proportion increased, there was a
decrease in the content of C—O (from 28.8 to 27.2-17.1%) and sw-7t*
(from 24.2 to 17.7-11.3%), whereas the content of C—C/C=C in-
creased from 46.9% (BC) to 55.1-71.6% (Fe-BC composites) (Fig. 2a).

Therefore, C—O—Fe bonds formed as Fe impregnated BC by cation-rt
interaction and bidentate chelation with C—O (Wang et al., 2016),
which was then broken by electron transfer during the pyrolysis to form
C=C bonds or iron oxides, and ultimately the carbon structure was
converted from a cross-linking to condensed or aromatic nature (Rawal

et al., 2016).

In the Fe 2p spectra of the Fe-BC composites, the peaks at 724.2 and
727.2 eV were assigned to Fe?" and Fe®* (Fe 2p1/2) in tetrahedral
coordination, whereas 710.8 and 713.1 eV were assigned to Fe?* and
Fe®™ of Fe;0, (Fe 2p3/2) in octahedral coordination (Fig. 3a) (Tang
et al., 2017). These results are consistent with the FTIR finding con-

cerning the Fe-O species. In particular, the peak at 719.5eV was
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Fig. 3. XPS analysis of Fe 2p binding states of the Fe-BC composites with different Fe/BC impregnation mass ratios (0.5:1, 1:1, and 2:1) before (a) and after (b) Day-

90 FWW treatment.

assigned to Fe® (Fe 2p1/2) (Tang et al., 2017), which upheld the suc-
cessful reduction of Fe** to ZVI during pyrolysis, corroborating the
evidence by XRD. Interestingly, the highest contents of Fe® and Fe**
(10.6% and 29.3%) were observed for the Fe-BC (1:1), followed by
those of the Fe-BC (0.5:1) (7.8%, 25.5%) and Fe-BC (2:1) (5.7%,
28.0%). This observation corroborated the O 1s spectra depicting the
lowest O-Fe ratio of 18.0% for the Fe-BC (1:1) (Fig. S2a). It can be
inferred that the relatively low Fe loading would provide at best a thin
shell to protect Fe® from being exposed to O, during post-pyrolysis air
stabilization (Zhu et al., 2017), whereas a higher Fe dosage led to no-
table Fe aggregation hindering its reduction to Fe® during pyrolysis. An
appropriate Fe impregnation relative to the BC support (e.g., the 1:1
mass ratio determined in this study) is critical for the homogeneity of
Fe® NPs formation in the Fe-BC composites (Fig. S1).

The whole oxide reduction mechanism via carbon and gaseous in-
termediates for the Fe-BC synthesis can be summarized as follows. First,
iron salts are converted into iron oxide (R1, R2) (Zhang et al., 2017),
which is then carbothermally reduced into magnetite at 400-500 °C
(R3, R4) (Wang et al., 2015). This is then directly converted into iron
protoxide (R3, R5) and iron carbide (R6) at 650 and 800 °C, respec-
tively. Furthermore, decomposition of iron carbide to elemental iron
sets in between 900 and 1000 °C (R7) (Shen, 2015).

2FeCl; + 6H,0 — 2Fe(OH); + 6HCIT RD

2Fe(OH); — 2FeO(OH) + 2H,0 — Fe,0; + 3H,0 (R2)
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C+ H,0 - CO 1T+ H

(R3)
3Fe,0; + 3(H,, CO,C) — 2Fe;0, + 3(H,0,CO,,CO)?1 (R4
Fe;0, + (H,,CO,C) — 3FeO + (H,0,CO,,CO)?T (R5)
3FeO + 6C — Fe;C + 3CO (R6)
Fe;C — 3Fe + C (R7)

3.3. Fe-BC performance for removal of potentially toxic elements

The simultaneous time-dependent removals of Cu(Il), Cr(VI), Zn(II),
and As(V) in Day-90 FWW by the Fe-BC composites were investigated
(Fig. 4a). The removal kinetics exhibited a transition from a fast initial
rate during 0-1h to a slower rate for 1-2h, and then an apparent
maximum at 4-8 h. The maximum removal efficiencies were generally
greater for the Fe-BC composites as compared with the control BC
(Fig. 4b). In particular, Cu(Il) removal was significantly promoted
(p < 0.05) from 68.3 + 0.1% to 97.8 + 0.2%-99.1 *= 0.1% in the
presence of Fe-BC. A pronounced Cr(VI) removal (88.2%) (p < 0.05)
was observed at the highest Fe loading, ie., Fe-BC (2:1) (vs.
56.4 + 0.9%-58.4 = 0.5% for the rest of the materials). The stable
complex of CaCrOy(.q) as the suggested major Cr(VI) species in Day-90
FWW (Table S1) may require a high Fe loading for significant removal.
The As(V) removal by the Fe-BC composites
(65.9 = 0.5%-77.7 + 0.1%) was greater (p < 0.05) than that of the
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differences in the results).

BC (55.6 *+ 0.2%) and increased with the Fe content. In contrast, Fe-
BCs marginally enhanced the Zn(II) removal (from 42.0 + 0.5% to
43.6 = 0.2%-45.8 = 0.6%). The kinetics data were fitted using a
pseudo-second-order kinetics model (Supporting information) and the
surface area-normalized rate constant (k,,) (Fig. 4c and Table S3) sug-
gested the accelerated removal after Fe impregnation, except for Fe-BC
(0.5:1) in the cases of Cu(II), Cr(VI), and As(V) removal.

The XPS analyses of the spent materials showed a characteristic
peak at 934.5eV for the control BC, which could be attributed to the
surface adsorption of Cu®>* (Fig. $3a). The two new peaks at 932.4 and
935.5eV for the Fe-BC composites represented Cu® and =FeCuO,*,
respectively (Qiu et al., 2012), suggesting that Fe? facilitated Cu(I)
removal through reduction (viz. Fe®’—Fe®*/Fe3* + (2 -13) e~;
Cu?* +2 e~ —Cu® and complexation with the detached/attached
colloidal Fe** (viz. Cu®* + Fe®* + 40H™ — FeCuO," + 2H,0). The
peak areas for Cu® (6.8%, 14.8%, and 25.7%) and =FeCuO, " (18.2%,
34.2%, and 67.1%) substantially increased, whereas those for cu?*
(75.0%, 51.0%, and 7.2%) gradually decreased with an increase in Fe

content of 1:0.5, 1:1, and 1:2, respectively. Surface adsorption was the
primary mechanism for Cu(II) removal by the BC (227.3m?g™!) and
Fe-BC (0.5:1) (223.0m?g™ '), where the negatively charged surface
(solution pH > pHp,., Table 2 and Fig. S5) favored the adsorption of
CuCl™* and Cu?" (73.4% in total; Table S1). The contribution of Fe° to
Cu(Il) removal was enhanced by increasing Fe loading. In combination
with the increasing removal rate with Fe loading (Fig. 4c), these ob-
servations imply that the Cu(II) removal via reduction and complexa-
tion could be faster than adsorption, whereas the removal capacity
approached 100% regardless of the dominant mechanisms (Fig. 4b).
In the Cr 2p spectra, while only one peak representing Cr(VI) at
580.79 eV was observed for the control BC (Biesinger et al., 2011),
three new peaks at 577.3, 577.9, and 579.4 eV were deconvoluted on
the Fe-BC composites that can be assigned to Cr(OH)3 (Biesinger et al.,
2011), FeCr,04 (Chowdhury et al., 2012), and Cr042~ (Abdel-Samad
and Watson, 1997), respectively (Fig. S3b). The contribution of Cr(III)
was increased in the form of Cr(OH); (40.5 and 48.3%) and FeCr,0O4
(28.4 and 24.9%) as Fe increased from 0.5:1 to 1:1. With a higher Fe
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loading at 2:1, the Cr(OH); peak disappeared leaving FeCr,04 (78.7%)
as the dominating species. These findings suggest that Cr(VI) was re-
moved via reduction by Fe® on Fe-BC composites (viz. Cr(VI) + 3e~ —
cr®™), followed by (co-)precipitation with detached/attached colloidal
Fe** (viz. Cr®% + 30H™ —Cr(OH)z; 2Cr*" + Fe®* + 8OH™ —
FeCr,04 + 4H,0), and adsorption onto the Fe-BC and/or the iron
(hydr)oxide surface (Rajapaksha et al., 2018). While Cr(VI) reduction
by Fe® was the predominant removal mechanism in general, co-
ordination with detached/attached colloidal Fe?>* became important at
the highest Fe loading ratio (2:1), resulting in significantly enhanced
(p < 0.05) removal capacity (Fig. 4b).

In contrast, surface adsorption remained the major pathway for Zn
(ID) removal by BC, Fe-BC (0.5:1), and Fe-BC (1:1), due to the high
contribution of Zn?* (1022.4 eV; Gan et al., 2015), i.e., 100%, 57%, and
55.5%, respectively (Fig. S4a). The dominating anionic Zn(II) species in
Day-90 FWW (ZnCl3~ and ZnCl,%>~ of 80% in total, Table S1) may incur
electrostatic repulsion against the negatively charged BC or Fe-BC
surfaces, hindering Zn(II) removal by adsorption (Fig. 4b). Never-
theless, removal via Zn(II) complexation with detached/attached col-
loidal Fe** (viz. Zn®>* + 2Fe®* + 80H™ — ZnFe,0, + 4H,0) became
more significant with higher Fe content, in view of the increased pro-
portion (43.0-60.2%) of ZnFe,O,4 at 1021.4eV (Bera et al., 2001),
which explained the improved removal kinetics (Fig. 4c).

Inner-sphere ligand exchange was demonstrated as the common
mechanism for As(V) adsorption by the BC and Fe-BC (0.5:1 and 1:1).
As depicted in Fig. S4b, for BC, As(V) in the form of H,AsO, ™ at 45.7 eV
gradually developed into HAsO,2~ (44.8eV, 29.6%) and AsO,>~
(44.0eV, 34.9%) (Bang et al., 2005). A higher Fe impregnation ratio
(1:1) promoted the formation of AsO,>~ (44.4-52.6%) with a lower
proportion of HAsO4%~ (23.5-24.7%). Fe impregnation might induce
more defects within the BC structure as evidenced by XRD and Raman
analyses, which can promote electron transfer (viz. H,AsO,~ + e~ —
HAsO,*>~ + e~ —AsO,>7) in the adsorption process (Lawrinenko
et al., 2017; Yan et al., 2015). In addition, H»AsO4,~ completely de-
veloped into AsO,>~ (80.7%) on the Fe-BC (2:1), suggesting the for-
mation of various Fe-O-As(V) complexes as the primary mechanism for
the adsorption of As(V) (Bakshi et al., 2018; Zhang et al., 2017), be-
cause Fe-O species on the Fe-BC composites were observed by FTIR and
XPS. Such complexation was associated with the positive correlation
between the As(V) removal capacity and the Fe content (Fig. 4b) and
the enhanced removal kinetics (Fig. 4c).

The Fe 2p binding states on the Fe-BC composites before and after
Day-90 FWW treatment are compared in Fig. 3. The lowest Fe content
on the BC surface, 7.8% Fe® on Fe-BC (0.5:1) (Fig. 3a), was completely
exhausted in serving as electron donor, resulting in a large amount of
Fe?™ (79.6%). As shown in Fig. S1b, a thin layer of Fe particles was
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embedded on tubular channels of the BC surface; thus, the Fe-mediated
reaction was probably rate-limited by intraparticle diffusion, ac-
counting for the slowest kinetics for Cu(Il), Cr(VI), and As(V). In
comparison, for the Fe-BC (1:1), both Fe® (10.6%) and Fe?™ (29.3%)
(Fig. 3a) provided electrons for the reduction/charge-transfer process,
with 5.6% and 22.8% remained after the reaction (Fig. 3b). The
homogeneous distribution of Fe® on the BC surface with the Fe/BC mass
ratio of 1:1 accounted for the highest Fe’/Fe?* ratio for the optimal
reduction/charge-transfer efficiency. Nevertheless, Fe?" (28.0-22.7%)
played a vital part in the electron transfer, with negligible Fe® loss
(5.7-5.3%) observed during the FWW treatment by the Fe-BC (2:1).
This resulted in the lowest reduction/charge-transfer reactivity of the
Fe-BC (2:1). Hence, (co-)precipitation and complexation were the major
removal pathways owing to severe aggregation of Fe® on the BC surface
at this highest Fe loading. The analysis of O 1 s binding states on the Fe-
BC (2:1) demonstrated an obvious decrease in Fe-O from 47.4 to 25.6%
after reaction (Fig. S2b), indicating possible detachment of (co-)pre-
cipitated Fe from the Fe-BC surface, in contrast to the increase of
27.5-29.2% and 18.0-27.1% on the Fe-BC (0.5:1) and Fe-BC (1:1),
respectively. The major removal mechanisms of potentially toxic ele-
ments by the Fe-BC composites are illustrated in Scheme 1 (Supporting
information).

3.4. Fe-BC performance for removal of inherent cations

The removal efficiencies of inherent cations (Na, Ca, K, Mg, Sr, and
Ba) from Day-90 FWW by the Fe-BC composites after the 8-h reaction
are shown in Fig. 5. The Fe impregnation reduced (p < 0.05) the re-
moval of Na (from 18.2 = 0.4% to 16.7 = 5.2%-7.8 + 0.9%), Ca
(from 12.7 + 1.4% to 11.7 = 0.4%-8.5 = 1.6%), K (from
24.3 = 0.8% to 23.0 = 1.9%-5.9 = 0.1%), Mg (from 14.2 * 1.9%
to 13.7 = 1.5%-5.2 * 2.1%), Sr (from 17.7 *+ 3.4% to
16.4 3.2%-7.4 = 2.1%), and Ba (from 20.1 * 2.9% to
18.0 + 3.0%-7.0 = 2.1%). Nevertheless, the removal capacity in this
study was equivalent to 3.2-7.2 g cations per gram of the Fe-BC com-
posites. These values are superior to the NaOH-modified zeolite (0.14 g
Ca and Mg removal per gram of zeolite) (Chang et al., 2017) and
pinewood-derived biochar (0.5g TDS removal per gram of biochar)
(Lobo et al., 2016) found in previous studies of FWW treatment. The
cations could have been removed by the Fe-BC composites via surface
adsorption through electrostatic interaction (Zhu et al., 2017), chela-
tion with oxygen containing groups (Bogusz et al., 2015), cation-x in-
teraction (Pi et al., 2015), and colloidal coagulation.

The increasing positive charge with Fe loading over the Fe-BC sur-
face (Table 2) may have resulted in electrostatic repulsive force im-
peding cation adsorption. In addition, the development of iron (hydr)
oxides (Fe304/y-Fe;03, y-FeOOH, and a-FeOOH/a-Fe,03) after Day-90
FWW treatment (Bakshi et al., 2018), as evidenced by Raman analysis
(Fig. 6a), may block the active/sorption sites on the Fe-BC surface. The
C 1s spectrum of control BC (Fig. 2b) revealed an obvious decrease in
C—O (from 28.8 to 16.1%) and st-t* (from 24.2 to 14.3%) interactions
after reaction, which could be attributed to divalent and monovalent
cation removal (Mohan et al., 2015). Similar trends were also observed
on the Fe-BC (0.5:1) and Fe-BC (1:1) (Fig. 2b). The FTIR spectra
(Fig. 6b) indicated the disappearance of broad peaks near
1109-1117 cm ™! (C—0/C—0—C) with emerging small peaks within
984-1206 cm ™! (C—O—Metal) (Niazi et al., 2018). The intensity ratios
of the G peak to the D peak (Iz/Ip) decreased in the Raman spectra of
the BC (from 1.30 to 1.29) and the Fe-BC composites (from 1.08-0.99 to
1.04-0.84) after the reaction (Fig. 6a), reaffirming the usage of sp2 Cin
st-1t transitions for inherent cation removal. However, the consumption
of C—C/C=C (from 71.6% to 59.9%) was more pronounced than that in
s-t* (from 11.3% to 8.2%) on Fe-BC (2:1) (Fig. 2b). The speciation
modeling results in Table S2 suggested that divalent cations were pri-
marily coordinated with C1~ as CaCl*, MgCl*, SrCl*, and BaCl* in
Day-90 FWW, and that the positively charged surface sites (C—C™*/

=+
=+
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Fig. 6. (a) Raman and (b) FTIR analysis of BC and Fe-BC composites with different Fe/BC impregnation mass ratios (0.5:1, 1:1, and 2:1) before (—) and after (—)
Day-90 FWW treatment. Major peaks correspond to magnetite/maghemite (Fe304/y-Fe,03) (M), lepidocrocite (y-FeOOH) (L), and goethite/hematite (a-FeOOH/a-

Fe;03) (G/H).

C=C™") were occupied by Cl~, corroborating the new peaks at
469-642cm ™! of FTIR spectra (Devi and Saroha, 2015) after the re-
action (Fig. 6b). This was consistent with the lowest removal of the
divalent cations (Ca®*, Mg?", Sr>*, and Ba®") by the Fe-BC (2:1) in
Fig. 5. The main removal mechanisms of the inherent cations by the Fe-
BC composites are also shown in Scheme 1 (Supporting information).

3.5. Fe-BC performance for 1,1,2-TCA and TOC removal

In addition to the inorganic contaminants discussed above, the co-
existing organic pollutants should also be addressed for comprehensive
FWW treatment. The time-dependent removal of 1,1,2-TCA by the Fe-
BC composites (Fig. 7a) exhibited a transition from a fast initial rate
during O-1h, to a slower rate for 1-2h, and then to an apparent
maximum at 4-8h. The maximum removal efficiency (Fig. 7b) was
obviously enhanced for the Fe-BC composites
(76.6 = 1.6%-91.0 = 0.8%) (p < 0.05) and increased with Fe con-
tent, when compared with the control BC (62.2 + 2.4%). Notably,
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1,1,2-TCA was primarily removed by the BC through adsorption
(59.2 * 3.7%), which was further promoted on the Fe-BC composites
(66.4 = 2.8%-68.3 = 2.8%) (p < 0.05). The maximum coverage of
loaded Fe (estimated by molg. X N X U2 picFe/ Sabiochar) Teached
16.5%, 27.3%, and 52.4% on the Fe-BC (0.5:1, 1:1, and 2:1), respec-
tively. The Fe-mediated 1,1,2-TCA reduction via dechlorination was
significantly promoted from 9.3 + 0.1% to 24.6 = 2.1% (p < 0.05)
by a higher Fe content (Fig. 7a and b). The large specific surface area of
BC may facilitate the mass transfer of contaminants from the ambient
solution to the surface of Fe-BC for adsorption and reduction (Pi et al.,
2015). Nevertheless, intraparticle diffusion was probably the rate-lim-
iting step for 1,1,2-TCA removal by the Fe-BC (0.5:1) (Fig. 7¢), and the
reduction process was limited by the development of surface pre-
cipitated iron (hydr)oxides on the Fe-BC (2:1) that would hinder the
electron transfer to 1,1,2-TCA after its adsorption (Lawrinenko et al.,
2017; Li et al., 2017).

Compared with the maximum TOC removal of Day-90 FWW by the

BC (3.9 = 1.0%), the removal was unexpectedly enhanced
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(5.4 = 0.8%-11.2 + 1.3%) by the Fe-BC composites with increasing
Fe content (Fig. S6). In light of the continuous Fe loss (possibly in forms
of colloidal Fe, 222.9 + 7.2-289.6 = 1.3 mgL_l) from the Fe-BC
composites during the 8-h reaction (Fig. S7), the organic compounds in
Day-90 FWW (e.g., polyacrylamide, Table 1) may have been removed
through coagulation/flocculation via crosslinking with detached col-
loidal Fe as the major mechanism (Lee et al., 2015). Moreover, the more
positively charged surface of the Fe-BC composites with increasing Fe
content (Table 2) may also facilitate the removal of anionic organics.
Such detached Fe fraction in practice would need to be collected by
sedimentation to alleviate potential Fe toxicity (Lei et al., 2018b). The
main removal mechanisms of 1,1,2-TCA and organic compounds (as
indicated by TOC) by the Fe-BC composites are shown in Scheme 1
(Supporting information).

4. Conclusions

Through the integrated analysis of the surface characteristics and
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contaminant interactions, we demonstrated that the Fe-BC composites
(especially for 1:1 mass ratio) exhibited a superior performance for the
simultaneous removal of potentially toxic elements, inherent cations,
1,1,2-TCA, and organic compounds from high-salinity FWW. The sus-
tainability features of the Fe-BC composites are highlighted as follows:
(i) Fe-BC composites improved the thermal stability compared with
pristine BC; (ii) Fe-BC composites with an appropriate Fe/BC impreg-
nation mass ratio (1:1) mitigated oxidation and aggregation of Fe?; (iii)
Fe-BC composites were capable of simultaneous removal of multiple
contaminants from the FWW owing to the complementary adsorptive,
reductive, and complexing characteristics of the BC and Fe. Therefore,
the Fe-BC composites are fast, sustainable, and potentially low-cost
sorbent applicable for effective (pre-)treatment of FWW.
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