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Abstract
Heavy metals (e.g. copper) in smelting wastewater inhibited microbial Cr(VI) reduction, previous

report found that a novel chromate reductase NfoR exhibited Cu(II)-enhanced activity and broad-


https://www.sciencedirect.com/science/article/pii/S0304389421015752
https://www.sciencedirect.com/science/article/pii/S0304389421015752
https://www.sciencedirect.com/science/article/pii/S0304389421015752
https://www.sciencedirect.com/science/article/pii/S0304389421015752
mailto:xkli@lzu.edu.cn
javascript:;

spectrum metal tolerance. In this study, magnetic biochar (MB) from pine sawdust was fabricated

to immobilize NfoR via covalent binding. MB-NfoR showed a 2.6- and 2.1-folds higher activity in

reducing Cr(VI) to Cr(Ill) compared to free NfoR and MB, respectively. XPS and EPR analysis

showed that NfoR catalysis and persistent free radicals (PFRs) are responsible for Cr(VI) reduction

mechanism of MB-NfoR. The addition of Cu(II) increased the MB-NfoR activity 2.3-fold compared

to that of without Cu(Il). The maximum Cr(VI) removal by MB-NfoR in the pure Cr(VI) solution

was 98% at 45°C and pH 6.0, and the MB-NfoR retained 68.3% of its initial activity even after five

consecutive cycles. Application of MB-NfoR in smelting wastewater can simultaneously remove

94% Cr(V]) and 52.1% Cu(Il). Furthermore, treated smelting wastewater by MB-NfoR showed no

phytotoxicity and enriched numerous oligotrophic bacteria. This study provides a novel ‘one-stop’

strategy for decontamination of effluents combined with heavy metals, utilizing synergies offered

by constituents in such waste streams.

Keywords: Magnetic biochar; immobilized enzyme; chromate reductase; Cr(VI) reduction;
smelting wastewater

1 Introduction

Industrial activities, such as electroplating, metal casting, hydrometallurgy, and mining,

generate large amounts of chromium/copper-containing wastewater (Barbosa et al., 2020). It is

estimated that 41 million liters of Cr-contaminated tannery wastewater was produced worldwide

annually (Younas et al., 2021). These non-biodegradable metals can be accumulated through the

food chain (Wu, H. et al., 2019). Among these metals, hexavalent chromium [Cr(VI)] raises great

concern due to its mutagenicity and carcinogenicity (DesMarais and Costa, 2019). Conventional

processes to reduce toxic metals involve chemical precipitation, flotation, electrocoagulation, ion
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exchange, and membrane filtration (Bezzina et al., 2020). However, these methods have their own

drawbacks, such as secondary pollution, high cost, low efficiency, and membrane fouling. Thus, the

treatment of such mixed chromium/copper-containing wastewater requires new solutions.

Reduction of highly toxic Cr(VI) to less toxic Cr(Ill) by microorganisms is a promising

alternative for the cleanup of combined heavy metal pollution via reduction or adsorption, due to its

efficacy, eco-friendliness, and low costs (Tan et al., 2020). Various Cr(VI)-reducing bacteria have

been isolated with a maximum tolerance to 800 mg-L™' Cr(VI) (He et al., 2009), such as

Oceanobacillus oncorhynchi (Zeng et al., 2019), and Bacillus sp.(Tan et al., 2020). In most cases,

chromium pollution exists in the form of combined heavy metals. The majority of heavy metals (e.g.

Co, Zn, Cd, Cu) inhibited microbial Cr(VI) reduction (Dey and Paul, 2012; Tan et al., 2020). Some

metallurgical/electroplating wastewater effluents with high concentration of copper also preclude

the performance and direct application of Cr(VI)-reducing bacteria for their treatments (de Morais

Nepel, 2020), especially within oligotrophic condition (Ma et al., 2021). Therefore, it is essential to

explore novel strategies for the removal of combined heavy metals in

metallurgical/electroplating wastewater.

Enzyme immobilization has attracted interest due to its universal applicability, low leaching,

enhanced activity, and reusability (Hu et al., 2018). Diverse materials, such as biochar (Han et al.,

2019), hydrogels (Xu et al., 2021), and mesoporous silica (Kumar, 2019), have been tested as

candidate solid supports for enzyme immobilization. Among them, biochar possesses moderate

surface area and abundant functional groups relevant to enzyme loading (Zhang and Hay, 2020).

Increasing studies focused on biochar-immobilized laccase for the degradation of carbamazepine
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(Naghdi et al., 2017), anthracene (Imam et al., 2021), diclofenac (Lonappan, 2018), and bisphenol

A (Zhang, Y. et al., 2020); The role of biochar-immobilized lipase (Cea et al., 2019) and biochar-

immobilized cellulase (Mo et al., 2020) have been less explored. However, the treatment of

combined heavy metal pollution driven by biochar immobilized chromate reductase remains unclear.

Recent studies highlighted the potential of magnetic biochar for environmental remediation

due to its high adsorption capacity and separation performance (Zhang, R. et al., 2020; Zhang et al.,

2021), as well as the degradation of organic pollutants and Cr(VI) reduction via persulfate activation

and Fenton-like reaction (Wen et al., 2022). For example, the presence of Fe3;O4 and persistent free

radicals (PFRs) in magnetic biochar induced a synergistic effect on Cr(VI) reduction (Zhong et al.,

2018). Recent studies have not focused on the role of PFRs of biochar-immobilized enzyme in the

degradation of tested pollutants. In this regard, magnetic biochar immobilized chromate reductase

can benefit from the Cr(VI) reduction in copper-containing wastewater via synergistic effect.

Our previous studies reported that a new clade of chromate reductase NfoR from

Staphylococcus aureus exhibited Cu(Il)-enhanced activity and broad-spectrum metal tolerance (Han

etal.,2021). In this study, we covalently immobilized chromate reductase NfoR on magnetic biochar

(MB) and raw biochar (RB) for treating smelting wastewater utilizing synergies offered by

constituents. The immobilized NfoR’s contributions to Cr(VI) removal are quantified in comparison

with free enzyme NfoR and explored the Cr(VI) removal mechanism of MB-NfoR. Various

governing parameters were optimized to improve the performance of MB-NfoR. Also, Michaelis-

Menten kinetics of immobilized NfoR and reusability for Cr(VI) removal were explored. After

adding MB and immobilized NfoR, microbial community evolution and Cr(VI) removal rate in
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smelting wastewater were examined. Additionally, the phytotoxicity of treated smelting wastewater

was also investigated to assess any potential remaining environmental risks. This study provides a

new insight on the decontamination of smelting wastewater by utilizing magnetic biochar

immobilized chromate reductase.

2 Materials and methods

2.1 Purification and enzyme assays of NfoR and laccase CueO

The purification procedure and enzyme assays of chromate reductase NfoR and laccase CueO

were reported as previously (Han et al., 2021). The effects of pH, temperature and metal on NfoR

activity were also evaluated, respectively. The detailed information and chemical reagents used in

this study were presented in Supporting Information (SI).

2.2 Fabrication of raw and magnetic biochar

Four kinds of biomass, including pine needle (PN), reed straw (RS), pine sawdust (PS), and

manchurian ash (MA), were crushed using a pulverizer and sieved through a 200-mesh. The

resultant powders were pyrolyzed in a tube furnace (OTF-1200X, China) under N> conditions and

held at peak temperatures of 400—500°C for 2 h before cooling naturally. The resultant biochars

were PNB400, PNB500, RSB400, RSB500, PSB400, PSB500, MAB400, and MABS500 based on

their pyrolysis temperatures. According to the characteristics of these raw biochars, magnetic

biochar (MB) was prepared by dissolving 10 g PS in a 60 mL FeCl; solution (0.5 M-L™") and stirring

continuously for 2 h. After drying for 2 h in the oven, the mixture was pyrolyzed using a gas flow-

controlled tube furnace maintained at 600°C with a 10°C-min™' heating rate for 2 h under N;

atmosphere. The resultant MB was collected by vacuum filtration and then dried for 24 h at 28°C.
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2.3 Immobilization of NfoR on raw and magnetic biochar

For stable immobilization of NfoR on the raw and magnetic biochar, chromate reductase NfoR

(1 g'L") was incubated in 20 mM Tris-HCI solution (pH 8.0) containing biochar (75 g-L™),

followed by the addition of 50% glutaraldehyde (at a final concentration of 3%) for crosslinking

enzymes at 16°C. After 2 h of covalent immobilization, the produced raw biochar-immobilized

NfoR (RB-NfoR) and magnetic biochar-immobilized NfoR (MB-NfoR) were centrifuged at 6000 g

for 30 min, and discarded the supernatant. Subsequently, RB-NfoR and MB-NfoR were washed

three times using the same pH buffer to remove excessive reagent and freeze-drying for 36 h in the

lyophilizer. The final samples were stored at 4°C for further use. For non-enzyme treatment, the

same process was followed except that the enzyme was omitted. The immobilization rate of RB-

NfoR and MB-NfoR was measured by Brandford method.

2.4 Performance, optimization and reusability of biochar-immobilized NfoR in Cr(VI)solution

Briefly, 0.01 g MB-NfoR was used to remove Cr(VI) (final concentration of 200 uM) in Tris-

HCI buffer containing 300 uM NADH solution by shaking at 200 rpm for 30 min. Under the same

conditions, supplementation of RB-NfoR in enzyme reaction was positive control while MB and

free NfoR were negative controls, respectively. The residual Cr(VI) concentration in the supernatant

was measured utilizing diphenyl carbazide (DPC) method as previously described (Han et al., 2017).

In addition, considering Cu(Il)-enhanced NfoR activity, the effect of Cu(Il) on the activity of MB-

NfoR was also evaluated. Enzyme activity measurement was similar to that of the previous method.

To improve the performance of immobilized NfoR, the effects of various parameters on the

performance of RB-NfoR and MB-NfoR were detected, including reaction time (2.5—-60 min), pH
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(6.0-10.0), temperature (16-45°C), and the dose of immobilized NfoR (5-15 g-L™"). Subsequently,

the Michaelis—Menten kinetics for immobilized-enzyme (MB-NfoR, RB-NfoR) was calculated in

various Cr(VI) concentration (100—400 uM) as previously described in free NfoR (Han et al., 2021)

The reusability of biochar-immobilized NfoR was also investigated by recovering the

immobilized NfoR via centrifugation and re-suspending it into a fresh reaction buffer as described

previously (Zhang and Hay, 2020). In each cycle, 0.01 g of MB-NfoR or RB-NfoR was reacted with

200 uM Cr(VI) supplemented with 300 uM NADH at 45°C for 30 min. After centrifugation, the

supernatant was used to detect the Cr(VI) reduction rate. The residual MB-NfoR was freeze-dried

in a vacuum and then supplemented with fresh Cr(VI) solution, NADH and Tris-HCI buffer for

reusability.

2.5 Smelting wastewater treatment by biochar-immobilized NfoR

To investigate the performance of biochar-immobilized NfoR in smelting wastewater, the tested

water sample was collected from the smelting plant of Baiyin City, Gansu Province, China. The

concentration of various metals (e.g. Cu, Zn, Cr, Cd, Mn, As, Pb) were presented in supporting

information. Before the addition of the immobilized enzyme, smelting wastewater water was spiked

with 600 uM sodium acetate as electron donor of Cr(VI) reduction catalyzed by NfoR. Subsequently,

10 g'L! of MB, RB-NfoR and MB-NfoR was added into 1L smelting wastewater, respectively. All

treatments were shaking for 12 days to remove the combined heavy metals at 37°C. Afterward, the

residual Cr(VI) and other divalent metals were measured and the measurements were performed in

triplicate.

2.6 Sample collection, DNA extraction and processing for sequencing
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To explore the effect of biochar and immobilized NfoR on the microbial community of

smelting wastewater, four groups of smelting wastewaters, such as CK (without adding biochar or

immobilized enzymes), MB, RB-NfoR and MB-NfoR, were collected after 12 days as previously

described (Calderon-Franco et al., 2021). Briefly, 600 mL wastewater of each group was filtrated

using a 0.22 um membrane to collect the microbes. Each membrane was cut into several pieces by

use of a sterile scissor and was stored separately in a sterile centrifuge tube. Subsequently, each tube

was stored immediately in liquid nitrogen until DNA extraction.

Total genomic DNA was extracted directly by using water sample DNA extraction kit (Omega,

Norcross, GA, USA) following the manufacture’s instruction. A Qubit 4 fluorometer was used to

determine the concentration of total DNA, and 1% gel electrophoresis was selected to check the

integrity of the obtained DNA. The 16S rRNA gene V4-V5 variable region was amplified using

primers 515F-806R. Then PCR products were subsequently determined on the platform at Illumina

Miseq platform by Genesky Biotech (Shanghai, China). After removing barcodes and primers, and

further cleaning chimera, short sequences through QIIME (v1.8.0, http://qiime.org/), the obtained

high-quality sequences were clustered into operational taxonomic units (OTUs) with a 97%

sequence similarity threshold using Uclust. Data analysis was performed using Genesky Cloud

(http://cloud.geneskybiotech.com).

2.7 Toxicity analysis of biochar- and immobilized NfoR-treated wastewater

Phytotoxicity of biochar- and immobilized NfoR-treated smelting wastewater were tested using

a five-day “all exposure route” alfalfa (Medicago sativa) seed germination test, respectively. The

deionized water was chosen as a control. Fifty alfalfa seeds were placed in one Petri dish (90 mm



diameter) on a filter paper moistened with deionized water. Subsequently, 20 mL of deionized water

or treated wastewater was added to the Petri dishes in three replicates. All Petri dishes were covered

and incubated in the dark at 25°C £ 0.5°C for five days, and then the germination rate, seedling

length, and root length were recorded, respectively.

2.8 Analytical methods

Cr(VI) concentrations in the samples were measured spectrophotometrically using diphenyl

carbazide (DPC) method at a wavelength of 540 nm (Li et al., 2020). The morphological features of

biochar and biochar-immobilized enzymes were characterized using scanning electron microscopy

(S-3400N, Hitachi, Japan). The BET surface area, the total pore volume and the average pore

diameter of the RB-NfoR and MB-NfoR were investigated with N, adsorption-desorption

measurements at 77 K using an automated surface area analyzer (Tristall 3020, America).

Thermogravimetric analysis (TGA) was conducted in an N, atmosphere using a STA 449 F3

simultaneous DSC-TGA. The temperature was increased by 20 °C per minute between 25 and

800 °C. X-ray diffraction (XRD) was used to detect the phase composition of RB-NfoR and MB-

NfoR using a Rigaku diffraction spectrometer (Ultimate IV, Japan) equipped with Cu Ka target 40

kV/40 mA X-ray source over the 20 range of 10—80°. The hysteresis curves of MB and MB-NfoR

were measured by vibrating sample magnetometry (VSM) (EV9, MicroSence, USA). ICP-MS (PE,

Avio 500) was used to detect the metal concentrations in smelting wastewater.

To explore the removal mechanism of biochar-immobilized NfoR, the functional groups of

immobilized NfoR before and after Cr(VI) removal were characterized by Fourier-transform

infrared spectroscopy (FTIR) (Nicolet 670, USA) with a scanning spectrum range of 500 cm™! —



4000 cm™!. The formed Cr(II) adsorbed onto the MB-NfoR and RB-NfoR was quantified after

separating the supernatant by X-ray photoelectron spectroscopy (XPS) (Krotas, England).

Meanwhile, free radicals quenching experiments of RB-NfoR and MB-NfoR were conducted using

spin-trap reagent DMPO in Tris-HCI (Yi et al., 2020b), and the outcome of *OH was measured with

a fluorescence spectrophotometer (Hitachi, Japan, F-4600). The intensity of PFRs in RB-NfoR and

MB-NfoR was measured by an electron paramagnetic resonance spectrometer (EPR, EMXmicro-

6/1/P/L, Bruker, Karlsruhe Germany), and its operating parameters were described as previously

(Tang et al., 2021).

2.9 Statistical analysis

All collected data were analyzed in SPSS v.20.0. Turkey’s comparison was used for statistics

comparison, and a significant difference considered when P value was below 0.05.

3 Results and Discussion

3.1 Enhanced NfoR activity supplemented with Cu(Il)

Our previous studies found that a novel chromate reductase NfoR was involved in Cu(II)-

enhanced microbial Cr(VI) reduction (Fig. 1A) (Han et al., 2021). The optimum temperature and

pH for NfoR activity were 37°C and 6.0 (Fig.1B, Fig.1C). Under pH 4.5, acetate and NADH

functioned as electron donors for Cr(VI) reduction, resulting in a maximum Cr(VI) reduction rate

(Fig.1 B). Owing to combined heavy metal pollution in industrial wastewater, we further evaluated

the adaptability of NfoR supplemented with various metal ions (Fig. 1D). Most metal ions had no

impact on NfoR activity except on Cu(Il) and Ni(Il). The addition of Cu(Il) caused a 1.4-fold

increase in the relative activity of NfoR. These pieces of evidence indicate that NfoR exhibited



better metal tolerance, and Cu(ll)-enhanced NfoR activity benefits from combined heavy metals

pollution.

Representative chromate reductases responsible for microbial Cr(VI) reduction were ChrR and

YieF (Han et al., 2017). Subsequently, a series of chromate reductases have been characterized,

including NfsA, NemA, NhaG , CsrF, NitR, and NfoR (Han et al., 2021). These chromate reductases

transfer electrons from NAD(P)H to Cr(VI) via flavin mononucleotide (FMN) or flavin adenine

dinucleotide (FAD). The opposite phenomena were observed in the partial purification of chromate

reductase from a novel Ochrobactrum sp. strain Cr-B4 (Hora and Shetty, 2015). In our studies, NfoR

showed Cu(Il)-enhanced activity because a dual-channel electron transfer of NfoR via Cu(Il) and

FMN accelerates the electron transfer (Han et al., 2021), as well as wide-spectrum metal tolerance.

These observations suggested that NfoR has a wide application prospect.

3.2 Fabrication and characterization of biochar-immobilized NfoR

The selection of functional support material prior to enzyme immobilization is of great concern

for enzyme activity and stability (Naghdi et al., 2017). Four kinds of biochars, derived from pine

needle (PN), reed straw (RS), pine sawdust (PS), and manchurian ash (MA), were chosen as

candidate supporting materials of NfoR (Fig. S1). Among these, pine needle biochar (PNB) and reed

straw biochar (RSB) possessed abundant —-C=0 and C-H functional groups (Fig. S2). However,

these biochars exhibited a low immobilization rate of NfoR (below 30%) via adsorption (Fig. S3).

To improve the immobilization efficiency of NfoR, magnetic-modified PS biochar (MB) was

fabricated for covalent immobilization of NfoR by using 3% glutaraldehyde (Fig. 2A); whereas

covalent immobilization of NfoR on raw biochar (RB) from PS was chosen as a positive control.
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After magnetic modification, magnetic particles were distributed on the surface of MB (Fig. 2B).

NfoR loaded on biochars showed an obvious change in the surface texture of MB and RB, which is

similar with modified magnetic biochar nanoparticles supported tyrosinase (He et al., 2020). In

contrast, almond shell biochar-immobilizing laccase only clumped biochar without changing its

surface texture(Lonappan, 2018). The BET specific surface area of MB-NfoR (25.0 m?eg™") was

larger than that of RB-NfoR (1.10 m?sg™") (Fig. 2C), which was one order of magnitude lower than

Mn doped magnetic biochar (Huang et al., 2020). The pore distribution of MB-NfoR mainly ranged

from 2 nm to 30 nm (Fig. S6), this layered porous structure accelerated the catalytic reaction of

pollutants. TGA-DSC analysis showed that the MB-NfoR was more thermally stable than RB-NfoR

(Fig. S7), with a mass loss of 15% up to 800°C under N condition.

The FTIR spectra of MB and RB showed a sharp peak at approximately 1160 cm™', 1598 cm™!,

and 3420 cm™! corresponding to C-H, C=0, and O-H stretching, respectively (Fig.2D). After NfoR

immobilization, a decrease in the intensity of the bands at approximately 3420 cm™!, 1598 cm™!,

1500 cm ™! and 1160 cm™! suggested that the NfoR binded to functional groups of MB and RB via

crosslinking. Furthermore, four bands appeared at 1564 cm™', 1050 cm™!, 773 ¢cm™!, and 607 cm™!,

due to the probable additional groups of NfoR (Imam et al., 2021). This phenomenon was distinct

from magnetic biochar-immobilized laccase; a dative bond between the iron of MB and laccase was

formed, causing an additional C=0 stretching at 1700 cm™' (Zhang and Hay, 2020). Although

functional groups of MB and RB exhibited a minor difference, MB achieved a 100% immobilization

rate of NfoR (Fig. S4). A similar phenomenon was observed in acid modified pinewood biochar-

immobilized laccase (Naghdi et al., 2017). Citric acid modified biochars provided abundant COOH

12
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groups and available surface area, resulting in a 16-20% improvement in laccase binding (Lonappan,

2018).

The XRD patterns of MB-NfoR and RB-NfoR exhibited clear differences between the two

materials (Fig.2E). The peak at around 25°, representing amorphous C atoms, indicated that the

crystallinity of RB-NfoR was higher than that of MB-NfoR (Huang et al., 2020). Several peaks of

MB-NfoR at around 18°,30°, 35°, 43°, 57°and 62° corresponded to planes of Fe3O4 (Fig.2E), which

agreed well with the result of VSM analysis (Fig. S5). Covalent immobilization of NfoR showed a

negligible impact on the magnetic intensity of MB. The signals of FeO and Fe,O3 were not detected

in MB-NfoR, which is inconsistent with other magnetic biochars (Yi et al., 2020c)

3.3 Immobilized NfoR on magnetic modified biochar enhanced Cr(VI) removal

To further probe the performance of immobilized NfoR, we detected the Cr(VI) removal rate

of MB-NfoR using RB-NfoR as a positive control (Fig. 3A). MB-NfoR exhibited a 2.7-, 2.1-, and

2.3-folds increase in Cr(VI) removal compared to free NfoR, MB and RB-NfoR (P<0.001). The

Cr(VI) removal rate of MB-NfoR reached up to 88.7%. The presence of Cu(Il) increased the relative

activity of MB-NfoR up to 2.3 times compared to the treatment in the absence of Cu(Il) (Fig.3B).

This is ascribed to Cu(Il)’s role as a cofactor of NfoR (Han et al., 2021). To confirm this, laccase

CueO with Cu(ll)-enhancement was also immobilized on magnetic biochar (MB-CueO),

supplementation of Cu(Il) significantly enhanced the specific activity of MB-CueO after 2, 2 -

azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) oxidation (Fig. S8). These findings

indicated that Cu(Il)-enhanced enzymes have excellent application potential in combined pollution

remediation.
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FTIR spectra of immobilized NfoR before and after Cr(VI) removal was shown in Fig. 3C and

Fig. 3D. As for MB-NTfoR, the intensity of the peaks around 3400 cm™!, 2900 cm™',1637 cm™!, 1538

cm!, 1152 ecm™', and 573 cm™' was weakened after reaction. This indicates that substances

containing —OH group, —CH, group, aromatic C=C/~C=0 groups, C-O-C groups and Fe-O

variations are associated with the Cr(VI) removal (Yi et al., 2020c). In contrast, FTIR spectra of

RB-NfoR showed mainly C-O-C groups and —C=O stretching vibration (Fig. 3C). Furthermore, the

XRD patterns of RB-NfoR before and after Cr(VI) removal appeared several new peaks at 25°, 28°,

38°, and 47° (Fig. 3E), possibly due to Cr(VI) adsorption or reduction. In case of MB-NfoR, the

main signal peaks were retained after reaction, suggesting that MB-NfoR possesses excellent

stability (Fig. 3F). However, a slight peak shift was observed and the intensity also decreased (Fan

et al., 2022), which can be attributed to the Cr(VI) removal. Moreover, the BET surface area and

pore volume of MB-NfoR after Cr(VI) removal decreased to 13.32 m?sg! and 0.032 cm?eg! (Fig.

S9), only accounting for 53.3% and 47.3% of the fresh MB-NfoR, respectively. These findings

further confirm high Cr(VI) removal capacity of MB-NfoR.

Our observations revealed that MB-NfoR offers an absolute advantage over free NfoR. This

enhanced Cr(VI) removal may be attributed to adsorption and PFRs-mediated Cr(VI) reduction of

magnetic biochar (Tang et al., 2021; Zhong et al., 2018), e.g. The Fe3O4 and carbon-centered PFRs

of magnetic biochar contributed to ~81.8% and ~18.2% of total Cr(IlI) generation. Similar results

were obtained for biochar-immobilized laccase, which displayed higher activity than free laccase in

the removal of anthracene and carbamazepine (Imam et al., 2021; Naghdi et al., 2017). Cage-like

3D channel structure of the hydrogels-immobilized HRP (horse radish peroxidase) also maintained

14



higher activity than observed in free enzymes (Yang et al., 2019). However, porous biochar/chitosan

composites immobilized cellulase showed controversial results (Mo et al., 2020), as the supported

cellulase only retained 67 % of the activity of free cellulase. More importantly, the Cr(VI) removal

of MB-NfoR is superior to that of RB-NfoR, which was similar to results of MB-laccase (Zhang

and Hay, 2020), where the maximum activity of MB-laccase was 3.7 times higher than that of RB-

laccase (8.8 U/mg support). This suggests that functionalized biochar can be promising support

material for enzyme immobilization. Although multiple heavy metals [e.g. Cd (II), Pb(Il), and Zn

(I)] present in smelting wastewater inhibited the activity of chromate reductase (Hora and Shetty,

2015), Cu(Il)-enhanced MB-NfoR activity can overcome these issues owing to its broad-spectrum

metal tolerance.

3.4 Potential mechanism of Cr(VI) removal

To further study the fate of Cr(VI) in the solution, the formed Cr(IIT) by NfoR catalysis haven’t

been detected in the supernatant because the Cr(IlI) complexes may be adsorbed on the surface of

MB-NfoR. XPS was used to examine the elemental composition of MB-NfoR and RB-NfoR after

the Cr(VI) removal (Fig. 4). Typical Cr XPS peaks appear in the total survey spectra of MB-NfoR

and RB-NfoR (Fig. 4A). The Cls spectra of MB-NfoR revealed the presence of three component

peaks (Fig. 4B), corresponding to C-C groups (284.8 e¢V), C-O-C groups (286 e¢V) and O-C=0

groups (288.5 eV), respectively. The Cls binding state of MB-NfoR showed higher relative

percentage of C-O-C and O-C=0 groups due to magnetic modification (i.e. 29.97% and 32.25% for

MB-NfoR versus 13.46% and 24.44% for RB-NfoR). Moreover, two distinct peaks at 576.0-578.0

eV (Cr2psp) and 586.0-588.0 eV (Cr2pi2) were observed in MB-NfoR and RB-NfoR (Fig.4C), but

15



Cr(VI)-O was not detected (Yang et al., 2021). This indicates the formation of Cr,O3 and Cr(OH)3

precipitates after Cr(VI) reduction (Diao et al., 2018; He et al., 2021). High-resolution of Fe2p

spectra existed two valence states of iron species on MB-NfoR after Cr(VI) removal (Fig. 4D). The

peaks at 710.71 and 723.82 eV corresponded to the binding energies of Fe,O3 (Diao et al., 2016;

Huang et al., 2020); whereas the peaks at 713.06 and 726.28 eV are associated with FeO (Yang et

al., 2021). After the reaction, the percentage of FeO in MB-NfoR only slightly decreased 0.6%. This

showed that the iron oxides are not involved in the Cr(VI) removal.

The XPS spectra revealed that Cr(III) is the only form of MB-NfoR-Cr (Fig. 4C), this can’t

explain why the MB-NfoR exhibited 2-fold higher Cr(VI) reduction than that in free NfoR (Fig.

3A). Existing studies reported that PFRs of biochar can function as electron donor and electron

shuttle for Cr(VI) reduction (Xu et al., 2019; Zhu et al., 2020), thus we speculated that the presence

of PFRs also played role in Cr(VI) reduction by MB-NfoR. To validate this hypothesis, EPR spectra

were used to identify reactive species existing in MB-NfoR and RB-NfoR system by using DMPO

and TEMP as trapping agents, respectively (Fig. 4E). As expected, three PFRs, such as *OH, <Oy

and '0,, were observed in MB-NfoR; whereas RB-NfoR system only detected *OH and 'O»

formation due to its inherent low PFRs concentration (Wang et al., 2020). Among these PFRs, *OH

and 'O participated in the degradation refractory organic pollutants from water environments (Han

etal., 2022) while solution *O; was responsible for Cr(VI) reduction of biochar (Chen et al., 2021).

These evidences suggested that the presence of *O, in MB-NfoR promotes the Cr(VI) reduction.

Our findings revealed that the Cr(VI) removal mechanism of MB-NfoR derived from both the

reduction of immobilized NfoR and PFRs (Fig. 5), accounting for 52.6% and 47.4%, respectively
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(Fig. 3A). Studies in L-MBC (laccase immobilized magnetic biochar) and pinewood biochar

immobilized laccase indicated adsorption and enzymatic degradation were the main mechanisms of

bisphenol A (BPA) and carbamazepine removal, respectively (Naghdi et al., 2017; Zhang, Y. et al.,

2020). These studies did not discuss the role of PFRs in the degradation of organic pollutants of

biochar-immobilized laccase. Despite the lack of biochar immobilized enzymes for heavy metal

removal, existing studies found that adsorption and PFRs-mediated Cr(VI) reduction are dominant

mechanisms for Cr(VI) removal on magnetic biochar (Tang et al., 2021), and the presence of Fe®

and Fe304 can provide active sites for Cr(VI) reduction (Wang et al., 2020). However, XPS of MB-

NfoR before and after Cr(VI) removal did not show the characteristic peak of Fe® and Fe;04, along

with stable FeO intensity, thus eliminating Cr(VI) reduction catalyzed by iron oxides as a potential

mechanism (Dong et al., 2021; Yan et al., 2021). Notably, extensive studies only reported singlet

EPR signal of magnetic biochar and detected their PFRs concentrations (Tang et al., 2021; Wang et

al., 2020), our study confirmed that three types of free radicals (e.g. *OH, *O2, '0,) were present in

MB-NfoR and *O, was responsible for Cr(VI) reduction of MB-NfoR. Collectively, these results

revealed that Cr(VI) removal of MB-NfoR was reduced to Cr(Ill), and adsorbed on the surface of

MB.

3.5 Optimization of immobilized NfoR and their reusability

To achieve the maximum Cr(VI) reduction of MB-NfoR, the effects of reaction time, pH,

temperature, dose of immobilized NfoR, and initial Cr(VI) concentration on the performance of RB-

NfoR and MB-NfoR were evaluated (Fig.6). The optimum reaction time for RB-NfoR and MB-

NfoR was 30 min, and their corresponding Cr(VI) reduction capabilities were 38.4% and 89.2%,



respectively (Fig. 6A). After immobilization, the optimal pH did not change compared with those

of free NfoR (Fig. 6B, Fig. 1C). The highest Cr(VI) reduction of MB-NfoR was 98% at pH 6.0. In

contrast to free NfoR (Fig. 1B), MB-NfoR and RB-NfoR showed a wide temperature tolerance of

30-60°C (Fig. 6C), in accordance with the MB immobilized laccase that retained high activity at

70°C (Zhang, Y. et al., 2020). Furthermore, high dose of MB-NfoR (15 g-L") completely exhausted

Cr(V]) (Fig. 6D). These results indicates that magnetic MB-NfoR showed higher catalytic activity

and better adaptability (Zhang and Hay, 2020). As for steady-state kinetics of immobilized NfoR,

the Vmax of NfoR on MB (88.64 uM-min!) was 2.3-fold higher than that of NfoR on RB (38.34

uM-min~!) (Fig. 6E). The Ky, of MB-NfoR (44.27 uM) decreased compared to that of free NfoR

(120.84 puM) and RB-NfoR (101.7 uM). Another study by Zhang et al. provided detailed

information on the enzyme kinetics of MB-bound HRP, an enhanced Vm.x of MB-HRP (1.5

mM-min~!) was obtained relative to that of free HRP (1.3 mM-min!) and raw biochar-bound HRP

(Zhang and Hay, 2020).

In most cases, loss of activity after one cycle are the main obstacles for large-scale enzyme-

catalyzed pollutants remediation (Lonappan et al., 2018). MB-NfoR and RB-NfoR still retained

68.3% and 40% of their initial activities after five cycles of Cr(VI) removal, respectively (Fig. 6F).

The decreases in MB-NfoR activity were associated with Fe(Ill) loss of magnetic biochar. This

suggested that immobilizing NfoR into magnetic PS biochar maintains higher activities after

repeated use and easy recycling from the reaction mixture. According to Table 1, the reusability of

biochar-immobilized enzymes varied within 6%—-90%. Such divergence can be ascribed to the tested

enzymes, candidate support material and immobilization techniques. Therefore, functionalized



biochar types and immobilized enzymes are crucial factors for manipulating the excellent

performance of biochar-immobilized enzyme. Generally, the majority of immobilized enzymes

significantly decrease their activities at room temperature owing to the enzyme deactivation,

especially pinewood biochar immobilized laccase via adsorption only sustained 6 % of initial

activity due to the dissociation of immobilized laccase (Naghdi et al., 2017). Collectively, the fate

of immobilized NfoR via covalent immobilization is the loss of NfoR activity.

3.6 Application of immobilized NfoR in smelting wastewater and its toxicity

To evaluate the practical application of MB-NfoR, smelting wastewater was collected from

Smelting Plant of Baiyin City, China, containing 800 mg-L' Cr(VI) and 400 mg-L-! Cu(Il) (Fig.

S10). After 1 h treatment, the Cr(VI) removal efficiency of MB-NfoR reached 94% (Fig. 7A), which

is equivalent to its ability under pure buffer conditions. Furthermore, MB-NfoR can remove 52.1%

Cu(II), 10.8% Zn(II), 14.8% Cd(II), 4.2% Mn(II), and 5.8% Pb(II) in smelting wastewater (Fig. 7B).

The Cu species in MB-NfoR may exist in the Cu(I)-containing complexes or Cu(OH). It has been

also reported that aromatic structure and functional groups (e.g. -COOH, -OH) of magnetic biochar

can interact with heavy metals to form complexes (Yin et al., 2018). FTIR spectra of MB-NfoR

confirmed the presence of abundant aromatic C=C, -OH, C=0 groups (Fig.2C, Fig.3D). An obvious

difference is in the removal of divalent ions due to the competitive adsorption on MB-NfoR and

their initial concentrations (Han et al., 2019). Magnetic biochar has widely been used as an effective

adsorbent for removing heavy metals and organic pollutants from wastewater and even from nuclear

waste-polluted water (Ye et al., 2020; Yi et al., 2020a). In ultrapure water and secondary effluent,

immobilization of laccase on functionalized nanobiochars exhibited an equal carbamazepine



removal rate (Naghdi et al., 2017). However, magnetic biochar-laccase slightly attenuates the BPA

removal rate under actual water treatment conditions (Zhang, Y. et al., 2020).

To explore whether biochar- and immobilized enzyme-treated smelting wastewater attained

irrigation quality, their toxicity was evaluated via the widely used alfalfa growth assays (Fig. 7C).

MB-NfoR group shared identical germination rate with H,O group while the germination rate of

alfafa decreased to a half in the treatment of MB and RB-NfoR due to the toxicity of residual Cr(VI)

(Fig. 7D). Furthermore, exposure to a MB-NfoR treated wastewater significantly enhanced seedling

length and root length compared with H,O treatments (Fig. 7E-F). Root length in MB-NfoR was

6.59 cm, which was 1.4-, 1.6-, and 1.8-folds higher than that observed in H,O, MB, and RB-NfoR,

respectively. The underlying reason is that MB-NfoR can provide available nutrients for alfalfa

growth. Although smelting wastewater still contained other divalent metals after MB-NfoR

treatment (Fig. 7B), their low concentrations can stimulate alfalfa growth (Aydinalp and Marinova,

2009). Similarly, magnetic biochar-immobilized laccase exhibited a 10-fold lower acute toxicity

toward Vibrio fischeri than the previously described carbon-based supports (Zhang and Hay, 2020).

Recent studies highlight the formations of toxic contaminants in biochar production, such as

polycyclic aromatic hydrocarbons, dioxins, PFRs, and metal cyanide (Luo et al., 2020), with the

potential to induce phytotoxicity, ecotoxicity, and cytotoxicity(Han et al., 2022). This study

provides strong confirmation that MB is a safe and promising support matrix for enzyme

immobilization applications, making it a value-added product from unwanted waste products.

3.7 MB-NfoR enriched the abundance of oligotrophic bacteria of smelting wastewater

To further explore whether the addition of MB and immobilized NfoR influence the microbial
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community of smelting wastewater, their microbial community compositions were measured after

12 days by Illumina high-throughput sequencing (Fig. 8). The Shannon index of MB and RB-NfoR

was markedly higher than that observed in the control and MB-NfoR groups (P<0.001) (Fig. 8A).

As for MB and RB-NfoR, larger specific surface areas accommodate space for more

microorganisms, resulting in the richness of microbial communities (Lu et al., 2020). In contrast,

the high removal efficiency of MB-NfoR simultaneously decreased the levels of contaminants and

nutrients of wastewater, along with low alpha diversity. As for treating of combined heavy metals

and dye pollution in wastewater, samples with B-cyclodextrin functionalized biochar amendment

exhibited better bacterial community diversity than the corresponding systems under the same

environmental pressures but without biochar addition (Wu et al., 2020). Principal coordinate

analysis (PCoA) revealed the biochar or biochar-immobilized NfoR significantly altered the

microbial community structures of smelting wastewater (Fig. 8B). Samples from the MB-NfoR were

far away from those in RB-NfoR and MB, which is consistent with their Cr(VI) removal rate (Fig.

TA).

At the phylum level, the dominant bacterial reads in four groups except MB-NfoR were

affiliated to three phyla, including Proteobacteria (77.85-99.64%), Bacteroidetes (4.42-5.03%),

and Thermi (2.7-17.43%) (Fig. 8C). RB-NfoR enhanced the relative abundances of Firmicutes

(3.93%), whereas MB-NfoR lost Bacteroidetes and Thermi (Fig.8C). At the genus level, the RB-

NfoR group was enriched with high abundance of the following genera: Shewanella (5.45%),

Pseudomonas (5.39%), Bacillus (3.68%), Aeromonas (2.97%), and Acinetobacter (2.12%)(Fig.8D).

The possible reason is that RB-NfoR treated smelting wastewater still maintains high levels of Cr(VI)
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and available nutrients from RB-NfoR stimulate the enrichment of Cr(VI)-reducing bacteria. More

important, most bacteria from these genera in RB-NfoR have been proven to possess strong Cr(VI)

reduction ability and preserves abundance of Cu(ll)-enhanced microbes (e.g. Bacillus sp,

Acinetobacter sp) (Hu et al., 2021; Huang et al., 2019; Mengke et al., 2019; Mohamed et al., 2020;

Wu, M. et al., 2019), thus leading to the residual Cr(VI) reduction of RB-NfoR treated wastewater

(Han et al., 2021). Distinct from the other three groups, some new genera, such as Schlegelella

(14.49%), Silanimonas (3.14%), and Lysobacter (5.92%), sustained high abundance in MB-NfoR

group. This change is attributed to the high Cr(VI) removal and Cu(Il) removal in MB-NfoR treated

smelting wastewater, thus accelerating the enrichment of oligotrophic bacteria of smelting

wastewater. These oligotrophic bacteria in MB-NfoR were mainly distributed in oligotrophic

habitats (e.g., hot spring), associated with polyhydroxyalkanoates production (Kourilova et al., 2021)

and discovery of new antibiotics (de Bruijn et al., 2015).

Collectively, enzyme immobilization has been regarded as a green and sustainable strategy to

degrade and transform of pollutants into less toxic or nontoxic form, e.g. immobilized laccases and

horseradish peroxidase with the ability to oxidize various types of compounds (Shakerian et al.,

2020). Enzyme immobilization has the advantage of better activity than microorganisms for

pollution degradation. A growing body of evidence suggests agro-industrial wastes or their value-

added products function as potential candidates for enzyme immobilization (Girelli et al., 2020),

this contributes to carbon utilization and storage. The key bottleneck of microbial remediation is the

treatment of combined pollution, as many toxic pollutants inhibit microbial growth (Liu et al., 2017).

As a common pollutant in industrial wastewater, Cu(ll) is also an activator or cofactor of most
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enzymes (Han et al., 2021). The candidate enzyme NfoR used in this study showed Cu(Il)-enhanced

activity and broad-spectrum metal tolerance, thus having great potential in the treatment of

combined pollution. Immobilizing NfoR on magnetic biochar not only overcomes the drawbacks of

chromate reductase in Cr(VI)-containing wastewater, but also exhibited synergistic effects on Cr(VI)

reduction by NfoR catalysis and PFRs-mediated reduction. Cr(III) is the only form of MB-NfoR-Cr

(Fig. 4C). The treated smelting wastewater by MB-NfoR had no phytotoxicity and increased the

abundance of oligotrophic bacteria. This study provides strong evidence that magnetic biochar

immobilized chromate reductase is feasible and eco-friendly technology for the treatment of Cr(VI)-

containing wastewater.

4. Conclusions

In this research, covalent immobilization of Cu(ll)-enhanced chromate reductase NfoR on

magnetic biochar was shown to remove up to 94% of Cr(VI), as well as adsorbing 52.1% of Cu(II)

in smelting wastewater. NfoR catalysis and PFRs-mediated Cr(VI) reduction are the removal

mechanism of MB-NfoR. Regardless of whether it was used in pure buffer or smelting wastewater,

MB-NfoR showed a superior performance over RB-NfoR and its relative activity can be further

enhanced (more than doubled) in the presence of a common co-contaminant Cu(Il). Besides the

excellent performance in a one-off use, the MB-NfoR retained 68.3 % of its initial activity after five

consecutive use cycles. In addition to the sorption and reduction activity, the RB-NfoR enriched the

abundance of some chrome-reducing bacteria in the smelting wastewater, as Cu(I)-enhanced Cr(VI)

reduction are common in these bacteria, this contributes to the overall Cr(VI) removal. MB-NfoR

group increased the abundance of oligotrophic bacteria (e.g Schlegelella, Silanimonas and
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Lysobacter) and its treated smelting wastewater had no phytotoxicity. This provides a novel and

effective strategy for remediation of combined heavy metal pollution.
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Fig. 2 A, Schematics of chromate reductase NfoR immobilized on magnetic biochar and raw biochar via 3% glutaraldehyde crosslinking;
B, SEM images of raw biochar (RB), magnetic biochar (MB), raw biochar-immobilized NfoR (RB-NfoR), and magnetic biochar-
immobilized NfoR (MB-NfoR), respectively; C, N2 adsorption isotherms of immobilized NfoR; D, FTIR spectra of RB, MB, RB-NfoR, and
MB-NfoR; E, XRD patterns of MB-NfoR and RB-NfoR.
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NfoR (F) before and after reaction. asterisk means significant difference between
different treatments. * P<0.05, ** P<0.01, *** P<(0.001
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19  Fig. 4 XPS spectra of RB-NfoR and MB-NfoR after Cr(VI) removal. A, The total survey spectra; B, C and D, high resolution of C1s, Crzp,
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Fig. 8 Different immobilized NfoR shifts the microbial structure of smelting
wastewater (A) a-diversity of each sample as measured by the Shannon diversity
index. (B) Scatter plot of the principal coordinate analysis (PcoA) scores depicting
variance in the microflora of smelting wastewater. (C, D) Relative bacterial
abundance in smelting wastewater at the phylum and genus levels. The CK group
represents smelting wastewater, whereas MB, RB-NfoR, and MB-NfoR represent
wastewater treated by magnetic biochar, raw biochar-immobilized NfoR, and
magnetic biochar-immobilized NfoR.
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54  Table 1 Performance of various biochar-immobilized enzymes from this and other

55  studies.

Immobilization Residual
Enzyme Support Cycles References
methods activity
Laccase
79% (Zhang and
Horse radish ~ Magnetic biochar from sludge Adsorption 10
60% Hay, 2020)
peroxidase
(Imam et al.,
Laccase rice straw biochar Adsorption 6 60%
2021)
Acid activated biochar from
Covalent (Lonappan,
Laccase Pig manure, pine wood and 5 40%-46%
immobilization 2018)
almond shell
(Naghdi et al.,
Laccase Pinewood biochar Adsorption 7 6%
2017)
Covalent (Zhang, Y. et
Laccase Magnetic biochar 7 85%
immobilization al., 2020)
Bagasse biochar/chitosan Covalent (Mo et al.,
Cellulase 10 90-69%
composites immobilization 2020)
Chromate Magnetic biochar from pine Covalent
5 68.3% This study
reductase sawdust immobilization
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