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1. Materials and methods

Materials

Distillers' grains were obtained from Gujing Group in Bozhou, Anhui Province, China. The 

distillers' grains were washed with plenty of water to remove impurities, leaving a clean rice husk, 

which is often used as a filler for solid-state fermentation. Rice husks were thoroughly dried at 60 

°C and then crushed. Pass through a 60-mesh sieve and set aside. All chemical reagents used in the 

experiment are analytically pure without further purification.

DESs preparation and pretreatment of distillers' grains

The AlCl3·6H2O: Glycerol (1:8 mol/mol) DESs were synthesized by heating and stirring in an oil 

bath at 80 °C. The mixtures were continuously stirred until a uniform, transparent liquid was 

formed (Fig. S1). In the formed DESs, glycerol is the hydrogen bond donor and AlCl3·6H2O is the 

hydrogen bond acceptor. Then, AlCl3·6H2O: Glycerol (1:8 mol/mol) DESs were used to pretreat the 

dry distillers' grains powder, the specific steps were as follows: about 1g of powder was mixed with 

15 parts DESs in a clear high-borosilicate glass bottle, heated and stirred at 80, 90, 100, 110, 120, 

130 °C for 4 h to explore the optimal pretreatment temperature. In addition, in order to explore the 

effect of time on the deconstruction of lignocellulose, pretreatment time were set at 110 °C for 1, 3, 

5, 7, 9 h.

Conversion of cellulosic carbohydrates into PHMs

The pre-treated product was poured into a mixture of acetone/water (7:3 v/v) and stirred vigorously 

at room temperature for 3 h. A high-speed centrifuge was used to separate the pretreated biomass 

solid fraction (SF) and the liquid fraction (LF) at 10000 rpm for 3 min. The solid cellulose residue 
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was obtained by washing SF three times with 70% acetone aqueous solution. After centrifugation, 

the LF was evaporated by rotation at 50 °C to remove acetone to obtain a concentrated suspension 

containing DES-extracted lignin as a precursor of carbon dots.

Synthesis of hydrochar microspheres (HMs): the solid cellulose residue was dried in a freeze-

drying oven to completely remove the water. Then, 0.6 g solid was added to 15 mL water (40 g·L−1), 

stirred for 4 h, and reacted at 220 °C for 4 h in a 50 mL Teflon-lined stainless-steel autoclave. The 

product after the hydrothermal reaction was dried at 60 °C overnight in a vacuum drying oven.

Synthesis of PHMs: Take 0.4 g of obtained HMs, 1.2 g of cobalt acetate, 2.4 g of KHCO3, and 0.2 

g of melamine and grind them together in an agate mortar to achieve uniform blending. The 

resulting mixture was then transferred to a corundum ship and annealed in a tube furnace at 800 °C 

for 1 h. After grinding, the PHMs was obtained by washing with 1 M hydrochloric acid and ultra-

pure water.

Synthesis of carbon dots from separated lignin

The LCDs were prepared by solvothermal method. In brief, the concentrated suspension containing 

DES-extracted lignin was collected, and 54 mL was taken into a 100 mL Teflon-lined stainless-steel 

autoclave and heated at 180 °C for 6 h. The obtained yellow solution was centrifuged at 10000 rpm 

for 10min to separate the liquid phase portion containing carbon dots. Then, the LCDs aqueous 

solution was obtained by filtration through a 0.22 μm filter and dialysis for 48 h in a dialysis bag 

with a molecular weight cutoff of 1000 Da.

Antibiotics degradation experiments

The peroxymonosulfate (PMS) activation performance of PHMs were evaluated in a 150 mL 

conical flask containing 100 mL of reaction solution. In a typical experiment, a certain amount of 
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PHMs activator is uniformly dispersed into 100 mL of solution containing antibiotic contaminants 

at room temperature. Then, 1 mL 100 mM PMS solution is quickly injected into the contaminant 

solution to initiate the reaction. At a set time point within 10 min, 1 mL of the mixed reaction 

solution was sampled and passed through the 0.22 μm PTFE filter to remove the PHMs activator. 

The concentration of contaminants was measured by high performance liquid chromatography 

(HPLC, Agilent, 1260 Infinity Ⅱ, USA) to obtain the reaction curve. The corresponding parameter 

settings and mobile phase selection of different pollutants are shown in the HPLC operation. Then, 

the kinetic rate constants (kobs) of pollutant removal could be calculated by the following kinetic 

equations:

ln
𝐶𝑡

𝐶0
 =  ‒ 𝑘𝑜𝑏𝑠 ×  𝑡#(1)

where [C]0 and [C]t are the concentrations of pollutants at the beginning of reaction and reaction 

time (t), respectively.

Moreover, to evaluate the viability for practical applications, the continuous-flow degradation 

of tetracycline (TC) was carried out using a reactor consisting of a microfiltration membrane 

supported by a nylon substrate, filled with PHMs activator. Firstly, 50 mg PHMs was added to 300 

mL ultra-pure water and ultrasonic for half an hour to obtain the dispersed PHMs suspension. Then, 

the PHMs suspension was directly vacuumized to deposit the PHMs on the nylon substrate, and the 

PHMs/Nylon composite microfiltration membrane was constructed.

Fluorescent detection of Fe3+

The detection of heavy metal ions (Mg2+, Zn2+, Co2+, Ca2+, Ba2+, Ni2+, Cr3+, Pb2+, Cu2+, Fe3+) by 

LCDs were performed at room temperature in aqueous solution. In a typical run, 2 mL LCDs 

solution was added into 3 mL heavy metal ions solutions with concentration of 500 µM. In order to 
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prove the sensitivity of LCDs to Fe3+, different concentrations of Fe3+ were added to the solution 

containing the same number of LCDs, and the fluorescence spectrum of the mixed solution were 

recorded at the excitation wavelength of 360 nm after 10 min of equilibrium. F0 represents the 

fluorescence intensity of the control group without metal ions, F represents the fluorescence 

intensity of LCDs quenched by metal ions, and (F0-F)/F0 represents the relative fluorescence 

intensity. The standard curve was established by linear fitting of the relative fluorescence intensity 

((F0-F)/F0) and the metal ions concentration.

HPLC operation

TC: The concentration of TC was determined by HPLC (Agilent 1260 Infinity Ⅱ, USA) with an 

Agilent EC-C18 column (4.6 × 250 mm, 5 μm). The mobile phase was a mixture of 80% 

acetonitrile and 20% water with oxalic acid (10 mmol/L). The flow rate and injection volumes were 

1 mL/ min and 20 μL, respectively. The detector wavelength was set at 270 nm. 

SMZ: The concentration of SMZ was determined by HPLC (Agilent 1260 Infinity Ⅱ, USA) with an 

Agilent EC-C18 column (4.6 × 250 mm, 5 μm). The mobile phase was a mixture of 35% 

acetonitrile and 65% water. The flow rate, injection volume, and detection wavelength were set at 1 

mL/min, 20 μL, and 266 nm, respectively.

SMX: The concentration of SMX was determined by HPLC (Agilent 1260 Infinity Ⅱ, USA) with an 

Agilent EC-C18 column (4.6 × 250 mm, 5 μm). The mobile phase was a mixture of 35% 

acetonitrile and 65% water. The flow rate, injection volume, and detection wavelength were set at 1 

mL/min, 20 μL, and 266 nm, respectively.

CIP: The concentration of CIP was determined by HPLC (Agilent 1260 Infinity Ⅱ, USA) with an 

Agilent EC-C18 column (4.6 × 250 mm, 5 μm). The mobile phase was a mixture of 20% 

acetonitrile and 80% water with 0.1% formic acid. The flow rate and injection volumes were 1 mL/ 
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min and 20 μL, respectively. The detector wavelength was set at 272 nm.

ENR: The concentration of ENR was determined by HPLC (Agilent 1260 Infinity Ⅱ, USA) with an 

Agilent EC-C18 column (4.6 × 250 mm, 5 μm). The mobile phase was a mixture of 30% methanol 

and 70% water with 0.2% formic acid. The flow rate and injection volume were 1 mL/min and 20 

μL, respectively. The detector wavelength was set at 293 nm.

Characterization methods

Scanning electron microscope (SEM, Zeiss Sigma 300) coupled with an energy disperse X-ray 

spectroscopy (EDS, FEI Tecnai F20) was employed to acquire the morphologies and elemental 

distribution of the samples. The X-ray diffraction (XRD, Bruker D8 Advance instrument) was 

tested with Cu Kα radiation from 80° to 10°. Raman spectra was recorded to track changes in the 

defective and graphitic structures of PHMs (λ = 514 nm). The X-ray photoelectron spectroscopy 

(XPS, Thermo Scientific K-Alpha spectrometer) was tested to detect the quantity and state of 

surface elements. Electron paramagnetic resonance (EPR, Bruker A300 spectrometer) signals were 

recorded to measure the generation of reactive species with 5,5-dimethyl-1-pyrrolidine N-oxide 

(DMPO) as spin-trapping agent. Linear sweep voltammetry (LSV, Chenhua CHI 760E 

electrochemical workstation) was investigated with a three-electrode cell, details of the method was 

shown in Linear Sweep Voltammetry Test. The UV absorption spectrum of the LCDs sample was 

tested using an UV-Vis spectrometer model E500 with a scanning range of 200-500 nm. The 

fluorescence excitation and emission spectra of the LCDs samples were measured by the Japanese 

F-4600 fluorescence spectrophotometer.
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Linear Sweep Voltammetry Test 

Linear sweep voltammetry was measured on an electrochemical station using a three-electrode 

system. The glassy carbon electrode was used as the working electrode, and the Pt electrode and 

Hg/Hg2Cl2 electrode were used as the counter electrode and the reference electrode, respectively. 

Phosphate buffer (pH ~7, 20 mM) was used as the electrolyte for the LSV test. During the test, a 

certain amount of PMS or TC was added into the electrolyte to investigate the electron transfer 

process between PHMs and PMS or TC. The voltage was increased from 0 to 1.6 V at a scanning 

rate of 20 mV/s.
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2. Figures and Tables

Fig. S1 Flow chart for synthesis of AlCl3·6H2O: Glycerol (1:8 mol/mol) DESs.
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Fig. S2 DESs pretreatment of lignocellulose from distillers' grains (a) under different temperatures 

condition for 4 h, (b) under different time at 110 ℃.
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Fig. S3 Particle size distribution of PHMs.
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Fig. S4 Pore size distribution of HMs and PHMs.
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Fig. S5 kobs of different conditions: (a) catalyst dosage, (b) PMS dosage.
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Fig. S6 Effect of different water samples condition on TC degradation. Reaction conditions: [TC]0 

= 30 mg·L−1, [PMS] = 1 mM, catalysts = 0.075 g·L−1, T = 25 °C, initial pH = 6.5.
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Table. S1 Comparison with other biochar catalysts derived from biomass in literature.

Biochar catalyst 
derived from biomass Dosage PMS Pollution k (min-1) k/ Dosage

(L min-1 g-1) Reference

Distillers' grains 0.075 g/L 1 mM Tetracycline 0.3263 4.35 This study

Poplar and pine 
sawdust 3.0 g/L 3 mM

Tetracycline, 
Chlortetracycline, 

Doxycycline
0.0588 0.02 [1]

Walnut shell 3.0 g/L 5 mM Norfloxacin 0.0292 0.01 [2]

Passion fruit shell 0.4 g/L 0.3 g/L Tetracycline 0.0317 0.08 [3

Digestate 1.0 g/L  2.50 mM Sulfanilamide 0.0245 0.02 [4]

Sludge 2.0 g/L 0.6 mM Ciprofloxacin 0.0140 0.01 [5]

Pinewood 0.2 g/L 3 mg/L Ciprofloxacin 0.0530 0.27 [6]

Moso bamboo 3.0 g/L 5 mM Tetracycline 0.0915 0.03 [7]

Banyan branch 0.75 g/L 2 mM Metronidazole 0.0566 0.08 [8]

Sludge 0.75 g/L 0.75 g/L Doxycycline 0.2493 0.33 [9]

Cow manure 0.05 g/L 0.4 mM Carbamazepine 0.2020 4.04 [10]

Sheep manure 0.6 g/L 0.6 g/L Sulfadiazine 0.0680 0.11 [11]

Piggery sludge 0.02 g/L 0.5 mM Tetracycline 0.0107 0.54 [12]

Straw 0.4 g/L 0.4 mM Ciprofloxacin 0.0566 0.14 [13]

Pig carcass 0.8 g/L 0.5 mM Sulfamethoxazole 0.0409 0.05 [14]

Gingko leaf 0.1 g/L 7 mM Sulfamethoxazole 0.1397 1.40 [15]

Durian peel 0.3 g/L 0.5 g/L Ofloxacin 0.0160 0.05 [16]
Hyperaccumulator 

residues 0.2 g/L 1 mM Bisphenol-A 0.158 0.79 [17]

Tea leaf powder 0.1 g/L 0.3 g/L Tetracycline 0.26 2.60 [18]

Bamboo leaf 0.2 g/L 0.2 g/L Bisphenol-A 0.1410 0.705 [19]

Enteromorpha powders 0.2 g/L 0.5 mM Sulfadiazine 0.0764 0.38 [20]

Chitosan 0.05 g/L 2 mM Bisphenol-A 0.0270 0.54 [21]

Fresh swine manure 0.4 g/L 1 mM Sulfamethoxazole 0.0376 0.09 [22]
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Table. S2 Comparison of different fluorescent nanoprobes for Fe3+ detection in the literature.

Fluorescent nanoprobes Linear range (μM) Reference

Carbon dots 12.5-100 [23]

Lignin carbon dots 10-50 [24]

Nano-biomass dots 0-30 [25]

Nitrogen doped carbon dots 0-50 [26]

Graphene carbon dots 0-80 [27]
Nitrogen and sulfur doped 

fluorescent carbon dots 0.25-125 [28]

Lignin-derived carbon dots 10-150 This work
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