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1. Materials and methods

1.1 Anaerobic digestion
After fungal fermentation, several representative sludge filtrate samples after fungal fermentation were employed as the organic substrate for anaerobic digestion (AD) for further utilization of the residual organic carbon. The bench-scale AD experiments were carried out in 250 mL digestion flasks with a working volume of 160 mL that were connected to a gas collection system, which can be referred to a previous report [1]. The seed sludge obtained from an anaerobic reactor for co-digestion of food waste and sewage sludge had been acclimatized for three weeks by adding the hydrolyzed sludge liquor product as the acclimation substrate. The characteristics of the seed sludge are presented in Table S1. For each AD test, 40 mL of the seed sludge was inoculated to the residual liquid after fungal fermentation (120 mL). The digester was incubated at 37 ± 2 °C for 30 days. Before the AD process, the pH of the digestion system was adjusted to pH 7. The pH, COD, TOC, TN, and NH4+–N concentrations, and the yield of methane were measured and recorded during the AD process. The filtrates without fungal fermentation were also processed for AD in triplicate. The blank sample (seed sludge without substrate) was also operated for evaluation of the contribution of seed sludge to the methane production. 
1.2 Hyphae paper preparation

The mycelium pellets collected from fungal fermentation were used to prepare hyphae paper according to the typical papermaking process. The mycelium pellets were diluted to 1.0 wt.% with water and then defibered at 3000 rpm for 40 s to disperse the hyphae completely. The defibered hyphae suspension was then delivered to a paper-making machine (RK3AKWT, Australia) with a 120 mesh filter to prepare wet sheets. After pressing, the wet sheet was covered with a new filter paper to absorb water for several times and finally dried in air. The paper handsheet was stored in a constant temperature and humidity chamber (23 ± 0.5 °C, 50 ± 1%) for 24 h before characterization of the product. The properties of the hyphae handsheet including grammage, thickness, roughness, ring crush strength, tensile strength, tearing strength, burst strength, and stiffness were measured according to the methods described in a previous study [2]. 

Reference:

[1] Lin YQ, Wang DH, Wang LS. Biological pretreatment enhances biogas production in the anaerobic digestion of pulp and paper sludge. Waste Manag Res 2010,28:800–10.

[2] Yin DX, Lin YQ, Chen ZH, Qiao JL, Xiao M., Wang DH. Production of corrugating medium paper with secondary fibers from digested deinking sludge. J Ind Eng Chem 2016,37:168–74.
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Fig. S1. The schematic diagram of the two cycles of thermal hydrolysis treatment of sewage sludge and the sludge supernatant for subsequent biological utilization.

Table S1

General characteristics of the seed sludge used for anaerobic digestion.

	Parameter
	Value

	TS (g·L‒1)
	40.1±2.4

	VS (%)
	52.6±1.2

	Ash (%)
	47.4±1.2

	pH
	7.89±0.03

	TCOD (g·L‒1)
	34.9±0.4

	SCODa (g·L‒1)
	13.9±0.2

	TOCa (g·L‒1)
	7.4±0.7

	NH4+–Na (g·L‒1)
	2.1±0.08


Note: a The supernatant was passed through a 0.45 μm glass fiber membrane before being analyzed.
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Fig. S2. Effects of thermal hydrolysis treatment temperatures and cycles on the reduction rate of solid content (a) and volatile solid content (b) of sludge. Different lowercase letters indicate significant differences between the different treatment at p < 0.05.
Table S2

Effects of thermal hydrolysis treatment temperatures and cycles on the nutritive substances releasing and the conversion efficiencies. 

	Sample
	TN concentration (mg·L‒1)
	TN conversion efficiency (%)
	NH4+-N concentration (mg·L‒1)
	NH4+-N conversion efficiency (%)
	TP concentration (mg·L‒1)
	TP conversion efficiency (%)

	140 ºC-TH1
	1584.8±71.3 c
	39.1±1.8
	303.2±23.5 c
	7.5±0.6
	52.5±1.2 a
	3.2±0.1

	140 ºC-TH2
	604.3±4.9 e
	14.7±0.7
	122.8±13.7 e
	3.0±0.2
	22.3±0.9 bc
	1.3±0.1

	160 ºC-TH1
	2066.3±43.3 b
	52.3±1.1
	476.1±0.8 b
	12.0±0.1
	36.0±0.9 b
	2.2±0.1

	160 ºC-TH2
	766.7±71.7 de
	19.2±1.9
	210.3±2.9 d
	5.3±0.1
	14.4±6.3 c
	0.9±0.4

	180 ºC-TH1
	2811.8±24.8 a
	64.0±2.6
	884.1±16.2 a
	20.2±1.4
	34.3±0.3 b
	1.9±0.1

	180 ºC-TH2
	921.5±41.1 d
	20.2±0.4
	313.2±11.7 c
	6.9±0.1
	19.1±0.6 c
	1.0±0.1


Note: NH4+–N conversion efficiency was calculated based on the TN of the raw sludge.

[image: image4.png]TH2 Glucose

TH1

Glucose
THA1
TH2





Fig S3. The performance of fungal fermentation after 7 days of the ideal substrate and the supernatant liquors of the sludge after two cycles of thermal hydrolysis treatment at 160 °C. Different lowercase letters indicate significant differences between the different treatment at p < 0.05.
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Fig. S4. The procedure of paper making with fungal hyphae.
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Fig. S5. The SEM images of the hyphae fiber after paper preparation.

Table S3
The typical properties of the hyphae paper sheets
	Parameter
	Value

	Grammage (g·m‒2)
	104.16

	Thickness (µm)
	208.92

	Roughness (µm)
	7.88

	Ring crush strength (N∙m·g‒1)
	2.59

	Tensile strength (N∙m·g‒1)
	10.75

	Stiffness (mN∙m·g‒1)
	0.81

	Tearing strength (mN∙m·g‒1)
	0.82

	Burst strength (kPa∙m2·g‒1)
	0.72


Table S4 

Key parameters of the anaerobic digestion (AD) process of the residual fungal fermentation filtrates and the thermal hydrolysis treatment filtrates original from sewage sludge.

	Sample
	TOC (mg·L‒1)
	COD (mg·L‒1)
	Accumulated biogas production (mL)
	TOC removal rate (%)
	COD removal rate (%)
	AD potential (mLbiogas/g COD)

	
	0 Day
	30 Days
	0 Day
	30 Days
	
	
	
	

	140-TH1-F
	5340.0±90.0
	1433.5±8.5
	10740±75
	3298±50
	521±19
	73.1±0.6
	69.3±0.2
	302.9±19.9

	140-TH1
	6040.0±65.0
	1510.5±16.5
	17486±75
	2599±100
	788±12
	75.0±0.5
	85.1±0.6
	281.6±7.3

	160-TH1-F
	5682.5±27.5
	1830.3±61.3
	13138±75
	3298±400
	657±7
	67.8±0.9
	74.9±3.0
	312.3±21.2

	160-TH1
	7317.5±332.5
	1993.5±102.5
	18986±225
	3498±200
	833±62
	72.8±0.2
	81.6±1.0
	274.2±20.7

	160-TH2-F
	3546.3±4.0
	864.3±7.3
	6992±75
	1849±350
	421±46
	75.6±0.2
	73.6±6.0
	376.3±21.2

	160-TH2
	4222.8±86.0
	948.0±42.2
	7591±75
	1749±50
	399±11
	77.6±0.4
	77.0±0.7
	328.58±8.1

	180-TH1-F
	8802.5±27.5
	3243.8±149.8
	22059±300
	5897±100
	1052±22
	63.2±1.6
	73.3±0.5
	298.1±11.0

	180-TH1
	8927.5±92.5
	3453.5±169.0
	22359±300
	6597±400
	1011±28
	61.3±2.3
	70.5±1.8
	282.5±21.0

	Blank
	1656.5±95
	601.5±19.0
	3468±45
	600±100
	241±15
	63.5±3.2
	82.7±2.9
	433.4±49.9


Note: 140 (160, or 180) represents the thermal hydrolysis treatment temperature; 1 (or 2) is the first (or second) thermal hydrolysis treatment stage; F means the filtrates obtained after the fungal fermentation.
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Fig. S6. The schematic diagram of material flow, organic recovery, and product yields from the raw sludge: (a) throughout the thermal hydrolysis, fungal fermentation, and anaerobic digestion process, and (b) throughout the thermal hydrolysis and anaerobic digestion process.
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Fig. S7. Effects of the thermal hydrolysis conditions on the elemental composition of the treated sludge.
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Fig. S8. FTIR spectra of sewage sludge after two cycles of thermal hydrolysis treatments at different temperatures. (a) 140 ºC; (b) 160 ºC; 
(c) 180 ºC.
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Fig. S9 Effects of thermal hydrolysis treatment temperatures and cycles on the volume reduction efficiency of sludge after centrifugation. Different lowercase letters indicate significant differences between the different treatment at p < 0.05.



