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• N-doped CNT/AC composites was
evolved from industrial paper sludge
waste.

• Melamine played a key role on carbon
nanotubes growth.

• The carbon nanocomposites exhibited
fascinating electroactivity.

• Cr(VI) removal performance of MFC
linked with biochar's electroactivity.
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The performance ofmicrobial electrochemical system for hexavalent chromium (Cr(VI)) contaminant has been a
severe challenge remaining active for further development. In this study, we developed a novel biochar material
from industrial paper sludge for microbial fuel cell cathode fabrication to reduce aquatic Cr(VI) to non-toxic Cr
(III). With additive melamine as nitrogen source and self-containing small portion of Fe as catalyst, the sludge
evolved into electroactive biochar (BC-M) rendering a unique N-doped carbon nanotubes/activated carbon (N-
CNT/AC) frame after pyrolyzed at 900 °C for 2 h. Electrochemical analysis revealed enhanced electron transfer-
ence capacity of this composite material, such effectiveness was attributed to the increased surface area and su-
perior electroconductivity of N-doped CNTs. For performance of Cr(VI) reduction, a 55.1% reduction efficiency
was achieved in an microbial fuel cell equipped with BC-M cathode while it reduced to about 41.8% when the
cathode was replaced by electrode modified with no-melamine-involved biochar. The strategy of biochar
upgrading from industrial paper sludge proposed in this work is expected to not only bring technical solution
for low-cost CNT materials preparation for Cr(VI) reduction, but also put forward further research on value-
added chemical synthesis from waste in various fields of energy and environment.
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1. Introduction
Table 1
The respective elemental compositions of biochar specimen derived from sludge biomass.

Samples Elemental content %

C O N Fe S

BC-M 84.94 7.64 6.36 0.68 0.38
BC 73.00 24.04 1.6 0.74 0.62
Microbial electrochemical system (MES) recently has been regarded
as a green and sustainable alternative biotechnology for heavymetal re-
moval/recovery as it holds great advantages like energy-efficient
(Zhang and Angelidaki, 2014). In MES, electrons could be delivered
from anode to cathode where heavy metals could act as an oxidant to
close the circuit for electric energy output. Mainstream research in last
decade provides an abundant collection of literature on this field, rang-
ing from copper recovery to divalent cadmium (Cd2+) reduction.
Among these, the reduction of hexavalent chromium (Cr(VI)) in MES
is attracted prior attentions worldwide since Cr(VI) may cause irrevers-
ible environmental adversity and severe human diseases like cancer
through its chronic exposure and bio-accumulation (Bharath et al.,
2019; Bharath et al., 2020; Bibi et al., 2018; Lei et al., 2018). The detox-
ication is based on the reduction from chromate to trivalent chromium
(Cr(III)) that is considered relatively less ecotoxic due to weakmobility
(Eq. (1)) (Hsu et al., 2012; Kim and Choi, 2011; Li and Zhou, 2019; Li
et al., 2019; Wang et al., 2017).

CrO2−
4 þ 7Hþ þ 3e−aq→Cr3þ þ 4H2O ð1Þ

Previous works have demonstrated the reduction capacities of
biocathode in MES (Tandukar et al., 2009; Xafenias et al., 2013). In
these cases, electroactive biofilms attached on cathode are running as
biocatalysts to drive chromate reduction. But the microbial consortia
could be potentially poisoned by Cr(VI) as well thus efficiency would
decrease over time (Zhang et al., 2019b). Besides, it is intractable for cul-
tivating the biofilms on cathode with satisfying and stable amount of
biomass in acidic condition (pH b 4) which is beneficial to chromate re-
duction. Thus, researchers turned eyes toward traditional microbial fuel
cell architecture assembled with abiotic cathode, merging the advan-
tages of bioenergy and chemical efficiency (Li et al., 2018; Zhang et al.,
2019c). Since the reduction of Cr(VI) to lower oxidation state (Cr(III))
highly replies on indigenous infrastructure and subsequent electron-
transfer capability of electrode surface, cathode decorated with some
certain redox-activated catalysts have populated among literatures.
For instance, S. Gupta et al. demonstrated an innovative alumina‑nickel
nanoparticles-dispersed carbon nanofiber electrode for Cr(VI) reduc-
tion which achieved columbic efficiency of 93% with a complete re-
moval of Cr(VI) (Gupta et al., 2017). In this case, the transition metal,
nickel (Ni), made a crucial contribution in electron transfer for Cr(VI)
removal (Gupta et al., 2017). Though promising, still, scientific commu-
nity is looking for a catalyst in a more recyclable and sustainable way.

Wastewater/industrial sludge as a resource for conversion into use-
ful biochar chemicals has been a hotpot of trash-to-treasure concept
(Zhou et al., 2019). Biochar derived from various sludge has been
upgraded to activators for advanced oxidation process, adsorbents for
oil pollutants and widely applied into various environmental areas
(Qian et al., 2019; Tao et al., 2019; Wang et al., 2019). For example,
Wang et al. highlighted the fast activation of peroxymonosulfate in
triclosan-containing wastewater remediation in the presence of
sludge-derived biochar, achieving total organic carbon removal rate of
32.5% within 240 min-operation (Wang and Wang, 2019). More than
that, of particular interest is the electrochemical properties of these bio-
char, that is, directly introduces biochar into redox-oriented reactions
with pollutants (Zhang et al., 2019d; Zhong et al., 2019). Theoretically,
the sludge is carbon-abundant mixture that may contribute to sludge
upgrading to carbonaceous redox-active catalysts during facile thermal
treatments (Yuan et al., 2017).With Aeschbacher et al., 2010 this poten-
tial, environmental implications of sludge-derived biochar should be
further explored based on its excellent redox capacity. In this regard, it
is possible to fabricate cathode of MFC with sludge-derived biochar cat-
alysts for chromate reduction. However, to date no relevant research
has ever been reported.
Herein, for the first time we provided a facile strategy for redox-
active biochar material derived from industrial paper sludge. The mor-
phology, electrochemical activity and underlying mechanisms of such
biochar materials were analyzed. The carbonaceous material was then
employed to fabricate cathode of microbial fuel cells for hexavalent
chromium reduction. The outcomes are expected to offer an efficient
and sustainable protocol that merges the advantages of sludge re-
utilization and microbial electrochemical system for detoxification of
heavy metals.

2. Materials and methods

2.1. Preparation of biochar materials

The biochar was synthesized from industrial paper sludge following
a facile pyrolysis process (Fig. S1). Briefly, the sludge (collected from
wastewater treatment of NG Paper Industry Ltd. Co., Dongguan,
China) was naturally air-dried for several days and further grinded
manually to pass through a 100-mesh sieve. After this pretreatment,
the powders were then fully mixed with melamine powder at a mass
ratio of 1:1 as our pre-experiments found this ratio was optimal for car-
bon nanotubes generation. The pyrolysis procedure was programmed
to increase to 900 °C from ambient temperature with a heating rate of
5 °C min−1 and maintained at 900 °C for 2 h under a pure nitrogen at-
mosphere. Samples were subsequently soaked and stirred in 0.5 M
HCl for 3 h and thoroughly washed by deionized water several times
till neutral pH. The as-prepared carbon composites were finally col-
lected after drying at 45 °C for 12 h and denoted as BC-M. Another bio-
char samples were also obtained following the same procedure but
without melamine for comparison (denoted as BC).

2.2. Reactors operation and cathodes fabrication

A conventional H-type dual-chamberMFC reactormodified from re-
agent bottleswas employed in this study. The anode and cathode cham-
bers had an equal effective volume of 120 mL and they were separated
by a proton exchange membrane (Nafion 117, Dupont Co., USA.). In the
enrichment stage of MFC, a carbon brush (3 cm in diameter, 3 cm in
length,Mill- Rose,USA)andaplaingraphiteplate (3cm×3cm×0.4 cm)
were installed as anode and cathode, respectively, connected by tita-
nium wires via an external resistance (ER) of 1000Ω. Anaerobic sludge
(Liede municipal wastewater treatment plant, Guangzhou, China)
amended by 1 g/L acetate was added into anode chamber as inoculum.
After two-week start-up, nutrient solutionwas added into anode cham-
ber instead of anaerobic sludge. The components of nutrient solution for
anodic electricigens cultivation and detailed enrichment procedure
were described in previous publications (Zhou et al., 2018a; Zhou
et al., 2018b). When the maximum electricity output of MFC reproduc-
ibly reached ~650mV in consecutive batches, themature anodic biofilm
was recognized well-formed and stabilized.

Prior to electrode coating, several graphite plates were successively
soaked and cleaned in acetone, ethanol and deionized water to removal
surface impurities. 100 mg biochar materials were severely mixed with
200 μL absolute ethanol and 10 μL Nafion solution (5%, DuPont Co., USA)
to form a homogeneous suspension. This biochar-contained suspension
was then uniformly spread onto clean graphite plate using a fuzz brush,
followed by air-dried for 12 h.



Fig. 1. (a) Full scan XPS spectra of biochar samples and high-resolution C 1s (b), O 1s (c), and N 1s (d) XPS spectra of BC-M composites.
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For Cr (VI) reduction tests, the cathode was substituted by biochar
modified electrode while the external resistance was switched to
100 Ω. Subsequently. the catholyte was replaced by 50 mMNa2SO4 so-
lution containing 20 mg (Cr(VI))/L except otherwise stated. The initial
pH of catholyte was adjusted to 3.0 by 0.1 M H2SO4 before each test.
Both chambers were covered by aluminum foil to exclude light and
flashedwith nitrogen gas for at least 15min before every batch. Samples
were taken out at pre-determined intervals. All experiments were con-
ducted triplicate at ambient temperature (35 °C).
Fig. 2. SEM images of BC-M ((a) and (c)) and BC (b) materials with or without melamine (
2.3. Electrochemical analysis

The voltage of MFC across the external resistance was on-line re-
corded by a digital multimeter (Model 2700, Keithley Instrument Co.,
USA). For tests of cyclic voltammetry (CV) and linear sweep voltamme-
try (LSV), 10 μL of the carbon components-Nafion suspension was
spiked onto a glassy carbon rotating disk electrode (7 mm2, OrigaTrod,
France). Prior to use, the plain electrode was orderly polished by Al2O3

powder (0.3 μm and 0.05 μm in size), and then cleaned by deionized
Insert: larger magnification), Elemental mappings of BC-M for (d) C, (e) N and (f) Fe.



Fig. 3. (a) Typical CV curves of biochar-fabricated working electrodes. (Electrolyte base:
0.1 M HCl, Scan rate: 10 mV/s), (b) CV and (c) LSV curves of BC-M in 0.1 M HCl solution
containing 0.14 g(Cr(VI))/L, scan rate: 10 mV/s, (d) simplified scheme of
electrochemical reduction of Cr(VI). (GC: pristine glassy carbon electrode).
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water. A platinumplate (1× 1 cm) and anAg/AgCl electrode (+0.197V,
all potentials presented in this article versus this reference) were set as
counter electrode and reference electrode, respectively. Notably, all CV
and LSV tests were all conducted under anaerobic condition as well.

To further qualify the electron transfer capacity (ETC) of biochar, the
electron donating capacity (EDC) and electron accepting capacity (EAC)
of as-prepared biochar were investigated in this study, following a typ-
ical mediated electrochemical reduction (MER) and oxidation (MEO)
process (Aeschbacher et al., 2010). These tests were anaerobically car-
ried out in a three-electrode system similar with CV test except that a
glassy‑carbon-made cylinder with a working volume of 15 mL was
employed for both reaction vessel and working electrode. The vessel
was filled with 0.1 M KCl as electrolyte and constant potentials
(i.e., Eh = −0.49 V for MER and Eh = 0.61 V for MEO, respectively)
were applied. Prior to each test, diquat dibromide (DQ) and 2,2′-
Azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) were injected
into the vessel as extraneous mediators for MER and MEO, respectively
(Zhang et al., 2019a). System current intensity was continuously re-
corded and gradient increasing amounts of biochar (0.08 mg to
0.4 mg) were spiked into the reactor when system current stabilized.
The values of EAC and EDC were calculated following the eqs. (2) and
(3) (Zhang et al., 2019a):

EAC ¼ �
Z Ired

F
dt

m
ð2Þ

EDC ¼ �
Z Iox

F
dt

m
ð3Þ

where Ired and Iox are reductive and oxidative currents recorded in MER
and MEO process, respectively. F presents Faraday constant as 96,485
(C/mol) while m [g biochar] stands for the dosage amounts of biochar.
ETC was calculated as the sum of EAC and EDC. Experiments were con-
ducted at least duplicate and the stabilization of electric current as base-
line for separation of individual current peaks was ensured before each
biochar dosage.

2.4. Materials characterization

The surface structure and elements distribution of specimen were
examined by field scanning electronmicroscope (SEM)with energy dis-
persive X-ray spectroscopy (EDS) (SU8010, Hitach, Japan) and trans-
mission electron microscopy (TEM) (F200S, FEI Thermo, Czech). For
Raman test, samples were illuminated at a wavelength of 633 nm
(inVia Reflex, Renishaw, UK). The specific surface area of different com-
posites was calculated via Brunauer-Emmett-Teller (BET) method
(Micromeritics ASAP 2020 adsorption analyzer, USA). The elements
composition analysis was conducted based on the results of X-ray pho-
toelectron spectroscopy (XPS) (ESCALAB-250, Thermo Fisher Scientific,
USA). The Cr(VI) concentrationwas detected via colorimetricmethod at
a wavelength of 540 nm by UV–Vis spectrophotometer (UV-2600,
Shimadzu, Japan) (Li et al., 2018). The samples were also analyzed by
an X-ray diffractometer (XRD) (Xpert Powder, Panalytical,
Nertherland).

3. Results and discussions

3.1. Characterization of the as-prepared biochar

As elucidated via XPS analysis, the presence of C, O, N and Fe were
confirmed in all biochar samples (Table 1 and Fig. 1 & S2). Among
them, three predominant peaks were located at 284.6 eV, 401.0 eV
and 531.2 eV for C 1 s, N 1 s and O 1 s, respectively (Fig. 1a). Although
limited difference on C 1 s and O 1 s of two biochar samples was ob-
served (Fig. S2), noteworthy, the N intensity in XPS of BC was much
lower than that of BC-M which was pyrolyzed in the presence of mela-
mine (Fig. S2 and Table 1), this suggested that nitrogenwas successfully
doped in these BC-Mmaterials. It also should be noted that only a few Fe
element had been detected via XPS in all samples as it might be flushed
away during acidic washing. Relevant details on elements compositions
and chemistry of as-prepared carbonaceous materials (BC-M) are
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shown in Fig. 1. First of all, the high resolution of C 1s spectrum
displayed four major components related to C\\C/C_C bond of the
sp2 graphitic carbon (284.5 eV), C\\O bond (285.5 eV), C_O bond
(286.7 eV) and O\\C_O bond (288.9 eV), respectively (Zhou et al.,
2017). Similarly, for O 1s spectrum, it was found to entail two distin-
guishable oxygen moieties. These fitted peaks at 532.4 and 534.6 eV
was assigned to oxygen-containing functional groups (C\\O and C_O,
respectively) (Liang et al., 2014). Besides, N peaks of BC sample were
hardly resolved from the high-resolution N 1s spectra (Fig. S2), while
that of BC-M was resolved to four peaks at binding energy of 404.1 eV,
401.7 eV, 400.3 eV and 397.7 eV, assigned to oxidized, graphitic, pyrrolic
and pyridinic N, respectively (Zhou et al., 2016). In consequence, the
XPS results clearly highlighted the multi-forms of N in BC-M materials
and oxygen-containing functional groups which were of significance
for redox-oriented reactions. As for Raman spectra, two characteristic
peaks (D-band and G-band) were detected at 1350 and 1600 cm−1, re-
spectively (Fig. S3a). This results clearly presented a graphitized carbon
forms in nanocomposites. A quite low intensity ratio (ID/IG b 1.0) further
proved the graphitization of biochar (Gupta et al., 2017). Relevant dis-
cussions were accordingly added in manuscript. The XRD analysis pro-
vided information of graphitization degree of different samples
(Fig. S3b). The series of peaks observed in Precursor clearly indicated
various inorganic components in sludge powder. After pyrolysis, the
significant increase in intensity of (002) peak at 26° of biochar samples
evidenced a good graphitic degree during carbonization.

Comparative materials were synthesized following similar proce-
dure to identify vital factors involving in the formation of structure
and morphology. The morphologies and EDS profiles of the prepared
materials were presented in Fig. 2. The geometric feature with ag-
glomerated and curly forms of carbon nanotubes at an average tran-
section diameter of 50 nm could be clearly recognized in BC-M. The
unique carbon nanotubes structure was also evidenced by TEM
(Fig. S4). On the other hand, no interwinding CNTs but a dense car-
bon monolith was obtained without the addition of melamine
(Fig. 2a and b). Such observation indicated that after thermal treat-
ment (900 °C), sludge powders could be further upgraded to N-
doped carbon nanotubes/activated carbon (N-CNT/AC) in the pres-
ence of melamine. Such evolution could be divided into two stages.
Part of sludge powder was firstly carbonized under hyperthermal
condition, transforming into a mesoporous carbon cadre as suitable
base for the carbon nanotube growth (Li et al., 2017). As the sludge
used in this study contained a small amounts of Fe (shown in
Table 1 and elementary mapping in Fig. 2f), it was able to progres-
sively auto-catalyze gasified moieties of sludge powders, together
with gasified melamine molecules as key source for heteroaromatic
nitrogen doping and nanotubes formation, into a unique three-
dimensional nitrogen-doped carbon nanomaterials layer by layer
(Chen et al., 2019; Li et al., 2017).
Fig. 4. (a) Oxidative and reductive current responses of BC-M (Insert: Linear relationship betw
transfer capacity of BC and BC-M.
3.2. Electrochemical analysis

The electrochemical properties of as-synthesized biochar materials
were evaluated via CV and LSV in N2-saturated condition. Typical and
reproducible curves were presented in Fig. 3. It could be seen that the
recorded currents of BC-M modified electrode significantly outpaced
that of no-melamine-involved biochar (Fig. 3a). The enhancement
could be ascribed to the micro-morphological three-dimensional cadre
of BC-M, which provided abundant active sites and larger superior sur-
face area. As for Cr(VI) electrochemical reduction, a reduction peak at
~0.6 V was detected in the CV curves (Fig. 3b). This could be identified
as occurrence of Cr(VI) reduction catalyzed by biochar modified elec-
trode. Furthermore, it is worth noting that the BC-M not only amplified
the current of reduction peak but slightly brought amore positive onset
of reduction. These results confirmed the feasibility of BC-M as an effi-
cient electrode modifier for chromate reduction. Furthermore, Fig. 3c
shows the linear sweep voltammogram profiles of BC-M coated elec-
trode at various rotating speeds. Apparently, gradient increase currents
with onset at 0.5–0.6 V were recorded with an increase of rotating
speeds, indicating a close correlation between the amounts of trans-
ferred electrons and Cr(VI) reduction process. It could be deduced that
the Cr(VI) electrochemical reduction was mainly controlled by mass
transfer rather than electrochemical performance of BC-M, which, in
turn, further confirmed the catalytic property of BC-M.

The applicability of electrons mediating capability was also evalu-
ated to quantitatively reinforce electrochemical properties of BC-M.
Fig. 4a presents baseline-corrected current-time response curves with
successive dosages of biochar samples. The results support a clear line-
arly proportional relationship between the electron accepting or donat-
ing capacity (Q) and adding amounts of biochar. The vales of EDC and
EAC, calculated based on Eqs. (2) & (3), were 0.0229 and 0.284 mmole
−/g biochar for BC-M, respectively, which were ~29.3% and ~62.2%
higher than that of BC, respectively (Fig. 4b). This means that there is
a strong connection between the electron transference capacity and
heteroaromatic nitrogen doping.

Comprehensively, the formation of carbon nanotubes/activated car-
bon brought superb electrochemical activity to the new materials. The
introduction of nitrogen element in forms of pyridinic-N and
graphitic-N into the upgrading process from sludge biomass to N-CNT/
AC composites could be critically instrumental for unique electrochem-
ical features (Sharma et al., 2015). For example, it is widely considered
that nitrogen in pyridine-like structure accumulates excess negative
charge around N atoms, resulting in high-level Faradic reaction-based
properties (Lei et al., 2018). Similar to pyridinic nitrogen, the
graphitic-N located electrons in the π* antibonding orbital, still respon-
sible for lowering overpotential for the case of reduction reactions, com-
pared to the pristine CNTs (Sharma et al., 2015). From another point of
view, a growth of graphitized carbon matrix was achieved at high
een transferred electron amounts and gradient increasing dosages of BC-M), (b) electron



Fig. 5. (a) Cr(VI) reduction performance of different biochar and blank control, (b) Profiles of cell voltage of different MFC configurations (ER = 100 Ω, catholyte: 20 mg (Cr(VI))/L in
50 mM KCl solution, initial pH = 3.0).
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pyrolysis temperature (900 °C in this case) which enhanced conductiv-
ity of the carbon materials (Yuan et al., 2017). Furthermore, the
upgrading from biochar (BC) to N-CNT/AC composites (BC-M) led to
an increase of 41.8% in BET surface area from 140.85 m2/g to
199.05m2/g. This increase renovated porosity of BC-M that allowed ex-
oteric redox reactants easily reach the active moieties in biochar (Yuan
et al., 2017). Thus, the catalytic activity of suchmaterials could be signif-
icantly boosted by merging the advantages.

3.3. Cr(VI) reduction performance

The BC-M electrodes were assembled in a typical microbial fuel cell
to examine feasibility of its catalytic property for hexavalent chromium
reduction and the results are shown in Fig. 5. As acidification of solution
might lead to higher Cr(VI) reduction efficiency (Fig. S5), an initial pH of
~3.0was chosen in this study to provide sufficient protons for Cr(VI) re-
duction as shown in Eq. (1). For BC-M group, the concentrations of Cr
(VI) dramatically decreased from initial ~20 mg/L to approximately
9 mg/L, achieving a 55% reduction rate in 24 h (Fig. 5a). The reduction
of Cr(VI) presented a pseudo-first-order kinetic in the first 11 h,
followed by amuch slower rate of Cr(VI) reduction subsequently. Com-
paratively, such reduction process was much weakened in the absence
of biochar fabrication. b40% Cr(VI) was reduced during identical reac-
tion time. Interestingly, those cathodes that coated with non-
melamine modified biochar also presented poor Cr(VI) removal effi-
ciency (40%), nearly maintaining at the level of that of pristine graphite.
It was worth noting that very limited Cr(VI) reduction (b 5%) was de-
tected in open-circuit group in which cathode and anode were discon-
nected. It indicated that physical absorption of as-prepared biochar
materials could be negligible, confirming that major Cr(VI) was re-
moved via redox-oriented reactions in this system. This was very im-
portant because detoxification of the heavy metal relies on conversion
lower-valent state over physical absorption (Han et al., 2018). An
Table 2
Comparison of studies of hexavalent chromium removal performance in MFCs.

No. Cathode materials Initial Cr(VI)
concentration
(mg/L)

Working
volume
(mL)

1 Biofilm on graphite plate 60 –

2 PPy/AQS modified graphite felt 20 100
3 Alumina‑nickel modified carbon

nanofiber
100 200

4 Carbon cloth 50 350

5 Carbon cloth 80 340
6 N-CNT/AC modified graphite 20 100
additional evidence was presented in Fig. 5b. The energy output of
MFCwith BC-Mmodified cathodewas highest and relatively stable dur-
ing full operation time, since N-defect sites inside the N-CNT/AC com-
posites were expected to promote the proton-electron pair transfers
(Sharma et al., 2015). On the other hand, there was only a limited en-
hancement in recorded voltage of MFC with BC modified cathode com-
pared with that of MFC assembled with pristine graphite as cathode,
indicating the AC composites had little to do within the electricity out-
put of the system. The results showed the importance of CNT/AC com-
posites in biochar to the promoted electron transfer efficiency of MFC.
Except for the superb electrochemical properties of BC-M, another con-
tribution for this promotion was also on account of nitrogen doping
which endowed plentiful active sites at the edge and surface of the car-
bon matrix, facilitating mass adsorption and transport (Chen et al.,
2019).

A comparison based on Cr(VI) removal of MFCs proposed from
existing literature was made (Table 2). Since the concept of reducing
Cr(VI) byMFCwas proposed (Tandukar et al., 2009), the scientific com-
munity has witnessed an impressive progress on both Cr(VI) removal
efficiency and power density, with the modification of cathode or addi-
tion of electron shuttles. The comparative information clearly indicates
that the Cr(VI) removal efficiency of this study was superior to some
of other studies. Although a higher removal efficiency of 75% was
achieved by Pang et al. by employing a couple of highly-active electron
exchange agents (PPy/AQS) (Pang et al., 2013), this study presented a
slight advantage on current density.

In order to further investigate the surface transformation of BC-M in
long-term operation. The BC-Mmodified cathode was subsequently ex-
amined by SEM after five consecutive operations and results are shown
in Fig. 6. It could be noted that a chromium deposition was detected in
large amounts on the surface of cathode. As discussed above, Cr(VI)
was barely observed onto the electrode, thus this precipitation during
Cr(VI) reduction process was largely composed of Cr(III) in the form
Removal efficiency Current
density
(mA/m2)

Reference

100% in 6 d 123.4 (Tandukar et al.,
2009)

~75% in 24 h ~1100 (Pang et al., 2013)
~50% in 24 h 4560 (Gupta et al., 2017)

~50% in 8 h with addition of 50 mg/L Cu
(II)

– (Li and Zhou, 2019)

~25% in 24 h and 100% in 120 h – (Li et al., 2018)
55.1% in 24 h 1666.6 This study



Fig. 6. (a) SEM images, (b) elemental mapping of Cr and (c) EDS spectrum of BC-M coated graphite plate after Cr(VI) reduction. Samples were taken out of MFC after five consecutive
operation.
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of Cr(OH)3 with continuing increased catholyte pH (from 3.0 to above
9.5) (Chen et al., 2015; Xafenias et al., 2013). Although the precipitation
may to some extent slightly decreased service life of cathode, this issue
could be easily solved by acid cleaning of cathode, enlarging working
volume of cathode chamber or addition of suitable base. Nevertheless,
this study presents an sustainable evolution fromwaste sludge to excel-
lent N-CNT/AC composites for effective Cr(VI) removal.
4. Conclusion

A facile procedure of pyrolysis was proposed in this study in which
industrial paper sludge was upgraded to biochar (BC-M) with N-
doped carbon nanotubes/activated carbon composites in the presence
of melamine. The carbon nanotubes with 50 nmdiameter in-situ devel-
oped on biochar. This unique synthesized N-CNT/AC composites pro-
vided extraordinary electrochemical properties and sufficient reactive
sites for Cr(VI) reduction, revealed by cyclic voltammetry, linear
sweep voltammetry. Besides, the MEO/MER tests indicated that the
BC-M displayed an excellent electron transfer potential compared
with BC and pristine carbon electrode. Afterwards, enhanced Cr(VI) re-
duction was achieved in a traditional MFC configuration after simple
surface fabrication of BC-M on graphite plate cathode, the Cr(VI) reduc-
tion efficiency increased to 55% compared with that of graphite elec-
trode. This enhancement was attributed to superior electrochemical
properties of BC-M. Such procedure for carbon nanotubes synthesis
from sludge biomass has been rarely reported. The superior perfor-
mance of biochar-derived carbon nanotubes/activated carbon compos-
ites could probably bring new thoughts on Carbon-neutral cycle and
contaminants removal from a practical point in environmental
remediation.
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