Enhancing Performance and Reducing Carbon Emissions in Sprayed Concrete Using Green Concrete Silica-Lignin Admixture and Recycled Aggregates: A Sustainable Approach for Construction Industry
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S1. Emission factors of shotcrete raw materials (kgCO2eq/m3) 
	Type
	Carbon emission factors (kgCO2eq/t)

	Cement
	0.894

	Coarse aggregate
	3.700

	Regenerated aggregate
	17.700

	Fine aggregate
	4.000

	Water
	0.561




S2. Experimental conditions and results of straw black liquor silicon-lignin admixture
	Sample
	[bookmark: OLE_LINK18]Alkali dosage
(wt%)
	Temperature (℃)
	Time (min)
	pH
	SiO2 content (%)
	Lignin content (%)
	[bookmark: OLE_LINK19]Particle size (nm)

	[bookmark: _Hlk163998388]1
	[bookmark: OLE_LINK27]18
	150
	120
	8
	[bookmark: OLE_LINK28]30.3
	69.1
	315

	2
	18
	150
	120
	8.5
	45.5
	54.1
	245

	3
	18
	150
	120
	9
	50.3
	49.2
	210

	4
	20
	150
	120
	8
	30.9
	68.3
	330

	5
	20
	150
	120
	8.5
	46.3
	52.4
	280

	6
	20
	150
	120
	9
	51.3
	48.1
	240

	[bookmark: OLE_LINK68]7
	22
	150
	120
	8
	36.6
	62.2
	360

	8
	22
	150
	120
	8.5
	47.4
	52.3
	310

	9
	22
	150
	120
	9
	57.3
	41.2
	280





S3. Shotcrete properties
	Sample
	Admixture content (%)
	Slump
(mm)
	[bookmark: OLE_LINK70]28d Compressive strength (MPa)
	Rebound ratio
(%)

	1
	1
	230
	41.3
	18.5

	2
	1
	240
	44.2
	16.3

	3
	1
	245
	46.2
	11.3

	4
	1
	235
	42.3
	16.4

	5
	1
	246
	45.2
	13.2

	6
	1
	259
	46.5
	10.8

	[bookmark: OLE_LINK69]7
	1
	249
	42.8
	16.8

	8
	1
	266
	46.7
	12.4

	9
	1
	278
	46.9
	9.8

	control
	0
	190
	36.5
	30





1. Method detail
1.1 Preparation of straw black liquor silicon-lignin admixture
The preparation of straw black liquor silicon-lignin admixture was performed according to the protocol presented by previous work.
 
1.2 Black liquor extraction
Place the initial mass (m0) of rice straw into a drying oven (Shanghai Boxin Instrument Equipment Factory, Model: DHG-9075A) at 120°C and after drying for one day, weigh the dried mass as m1. Determine the moisture content of the rice straw based on the mass change, the formula is as follows: 

The units for m0 and m1 are grams. The moisture content of the used rice straw is measured to be 9.27%. Weigh 345g of solid NaOH granules and 5.09kg of water to prepare a 23% mass fraction NaOH aqueous solution. Then weigh 1.67kg of rice straw (based on the ratio of dry weight of rice straw to NaOH solution = 1:3.5), mix the rice straw with the NaOH solution evenly, and then add it to a digester (Xianyang Tongda Light Industrial Equipment, Model: TD1-15). After sealing, introduce oxygen at 0.3Mpa. Start heating, raise the temperature from room temperature 25℃ to the reaction temperature (125℃) in 90 minutes, maintain the reaction for 120 minutes, and after cooling for 2-3 hours, obtain the pulp. Filter the pulp through physical extrusion and a 100-mesh screen to obtain the black liquid (BL).

1.3 Preparation of lignin-silicon composites by acid extraction
[bookmark: OLE_LINK3]The insoluble substance in the solvent obtained through acid hydrolysis is the lignin-silica composite material. The experimental method is as follows:
[bookmark: OLE_LINK1]Prepare several portions of dilute sulfuric acid solution with a mass fraction of 15%. Place the above black liquid on a magnetic stirrer and continuously stir while slowly dripping the sulfuric acid solution. Reduce the pH of the black liquid to 9 to obtain a suspension, let it stand for 5 minutes, then place the above suspension in a high-speed centrifuge for centrifugal separation (centrifuge parameters are 8000 rpm, 5 minutes). Separate the liquid from the solid in the centrifuge tube, after the first centrifugal treatment, obtain the black liquid (BLS). Add pure water to the solid for washing and then centrifuge, repeat 3-5 times, after separating the solid, place it in a drying oven at 80°C for 24 hours. Grinding the dried solid and collect to obtain the lignin-silica composite material (LS). Repeat the above experimental steps to obtain black liquids and solid materials after acid treatment with pH=8.5 and pH=8. 

1.4 Determination of lignin and silica content
[bookmark: OLE_LINK31][bookmark: OLE_LINK2]   A certain mass of silica-lignin composite material (SL) was taken and calcined in a muffle furnace at 550°C for 6 hours to obtain a nanosilica composite material (NS). As at this time, the organic material in the material was essentially all lignin. Thus, the content of lignin and silica in different LS can be approximately calculated based on the mass loss before and after calcination.

1.5 Measurement of LS particle size
The particle size of the straw black liquor silicon-lignin additive was measured using a laser particle size analyzer model bet2600 from Dandong Baxter. Selecting the lignin template and adding the silicon-lignin additive prepared under different reaction conditions to measure the particle size of the additive. 

1.6 Shotcrete performance test
[bookmark: OLE_LINK29]For the workability of shotcrete, slump tests were conducted as outlined in GB/T50080-2016. In terms of structural performance, the compressive strength test was performed on shotcrete following the “Technical Specification for Application of Shotcrete” JGJ/T372-2016, specimens were cured under standard conditions up to 28d, and the test method was according to GB/T50081-2019 “Standard for Test Methods of Physical and Mechanical Properties of Concrete,” measuring the compressive strength of the shotcrete specimens. The rebound test for shotcrete was performed following the methods in JGJ/T372-2016, measuring the rebound rate.



[image: ]

Fig.1. Site construction drawing



2. Life Cycle Assessments (LCA)
2.1 Life Cycle Assessment (LCA): An Overview
Life Cycle Assessment (LCA) is a comprehensive, systematic evaluation tool designed to assess the environmental impacts associated with all stages of a product's life cycle, from raw material extraction to end-of-life disposal or recycling. The LCA framework, standardized by the International Organization for Standardization (ISO) in documents ISO 14040(ISO, 2006b) and ISO 14044(ISO, 2006a), , is structured into four distinct phases: goal and scope definition, inventory analysis, impact assessment, and interpretation of results. Each phase plays a critical role in providing a holistic view of the environmental burdens associated with the product system under study. 
[image: F1]
Fig. 2. System boundary concept
For the present study, we have conducted a Lifecycle Assessment (LCA) that is specifically focused on the production phase of concrete, incorporating the use of green concrete silica-lignin admixture and recycled aggregates. The schematic provided illustrates the methodological approach, which begins with the acquisition of raw materials and encompasses the manufacturing processes, culminating in the outputs associated with this phase. We have meticulously quantified the inputs of raw materials and energy, as well as the resulting atmospheric emissions and solid waste generation. This targeted LCA approach allows for an in-depth analysis of the environmental impacts during the production of our concrete mixture, ensuring a concentrated evaluation of the sustainability improvements achieved through the incorporation of innovative admixtures and recycled materials.
2.2 Life Cycle Impact Assessment (LCIA)
In the Life Cycle Impact Assessment (LCIA) phase, the transformation of inventory data into critical environmental impact categories is executed through established methodologies such as CML, ReCiPe, and TRACI. These frameworks adeptly quantify product impacts, distinguishing between midpoint and endpoint evaluations, with the latter offering a comprehensive view of broader environmental consequences including Global Warming Potential (GWP), Human Toxicity Potential (HTP), and other critical indicators. For the purposes of this study, the focus was on global warming impacts, utilizing the IPCC 2013 GWP 100a method. This method, developed by the Intergovernmental Panel on Climate Change, evaluates the impact of greenhouse gas emissions over a 100-year time horizon, providing a comprehensive assessment of the climate change potential associated with the product system (IPCC, 2013).
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