Production of Lightweight Fillers from Waste Glass and Paper Sludge Ash
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Abstract	The production of high-performance lightweight fillers (LWFs) using mixed colour recycled glass and paper sludge ash (PSA) has been investigated. PSA has low sintering activity at temperatures below 1200 °C and therefore glass was added to promote liquid-phase sintering. This allows sintering to occur with simultaneous gas evolution from the decomposition of calcium carbonate present in PSA and this results in extensive pore formation and the production of foamed materials. The lightweight porous materials formed are suitable for use as LWFs. Key process parameters including PSA content, particle size of the raw materials and sintering conditions have been optimised. Optimum processing of glass containing 20 wt. % PSA at 800 °C produces particles with physical and mechanical properties comparable to leading commercially available LWF products. 
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Introduction
The construction industry is the largest consumer of natural, non-renewable resources, and has a significant impact on the sustainability of the UK and other countries worldwide [1]. The supply of raw materials to be used in the manufacturing of high-performance construction materials is increasingly under pressure. Depleting natural sources of raw materials and increasing energy costs are key drivers towards increased sustainability in the construction sector. In order to address both sustainability and competitiveness challenges that have arisen from stricter legislation and the adverse economic climate, an increasing trend is the use of wastes as resources to substitute for natural materials [2]. At European level, resource efficiency has also been the flagship initiative of the Europe 2020 Strategy as communicated in the ‘Roadmap to a Resource Efficient Europe’ document [3]. In this context, the study challenges current building materials production patterns by suggesting resource efficient technologies to reduce raw material consumption and transform building materials performance. 
The production of artificial secondary aggregate and filler materials would provide an alternative with both environmental and economic benefits. This reduces reliance on quarrying primary materials and diverts wastes from landfill. Engineering secondary aggregates with high recycled content will also help to meet the increasing demand for construction aggregates [4]. Further, abundance constraints affecting aggregates supply in the UK need to be addressed effectively to avoid associated future economic implications [5].
The development of new civil infrastructure is important in many countries and is a key driver of economic growth. This is employing innovation in the construction sector as projects increasingly need to deliver complex architectural designs with high-performance and efficiency targets, which require the use of versatile materials. High-rise buildings and structures on void or unstable ground, tunnelling in urban areas and earthquake-vulnerable regions are critical cases where reducing the dead-load of structures have advantages. The use of lightweight building materials is necessary to meet these challenges. 
The production of lightweight fillers (LWFs) from recycled glass and paper sludge ash (PSA) has been identified as a promising reuse application given that LWF materials have higher economic value than normal weight or lightweight aggregates (LWAs) currently in use. In comparison with lightweight aggregates, LWFs have lower density and water absorption rates and are supplied in particle sizes typically ranging from 0.5 mm to 4 mm diameter. LWFs provide low-thermal conductivity, sound proofing properties and potentially improved fire-resistance in additional to being light-weight. The sustainability credentials of recycled foam glass products have also been previously demonstrated through LCA [6].
Artificial LWFs are formed by rapid sintering at high temperatures using additives able to generate gas that produces appropriate levels of residual porosity. Two requirements have to be met during sintering of materials [7]:
· the evolution of gases coming from the thermally unstable constituents;
· presence of a highly viscous liquid phase to allow the encapsulation of gases.
Recycled glass is suitable for the formation of a viscous phase. It has high silica content, has an amorphous structure and large surface area when milled, and has been successfully used for the production of lightweight materials [8-10]. Due to the high sodium oxide (Na2O), calcium oxide (CaO) and silicon dioxide (SiO2) content, glass has quite low sintering temperature, and this reduces the firing time and energy consumption [11-12]. Sodium in the glass is responsible for the formation of a low-viscosity melt that is able to encapsulate the evolving gases.
Expanded glass particles can therefore be produced by mixing finely ground glass with a suitable expanding agent and firing this mixture at a temperature above the softening point of glass where the viscosity is less than 106.6 Pa·s [13]. Amongst various expanding agents, PSA has been selected as a source of CO2 gas coming from the decomposition of calcium carbonate. PSA is currently used in the manufacture of blocks, as an animal bedding material and it is applied to agriculture land as a liming agent [14]. Therefore the manufacture of glass-PSA LWFs constitutes a novel, higher-value application for the increasing amounts of PSA that are likely to be produced. This represents an alternative to PSA disposal via landfill which occurs in the UK and elsewhere [15]. 
The objective of this work was to prepare glass-PSA LWFs and characterise their physical and mechanical properties. These were compared with commercially available LWFs imported from Germany that are increasingly being used in the UK.

Experimental
Raw Materials
Mixed-colour recycled glass cullet was used. This was ground using attrition milling for 60 seconds in 50g batches to produce a fine glass powder which was used in all the experiments. The glass powder has a d10 (10% by volume of particles having a diameter smaller than this size) of 2 μm, a d50 (mean diameter) of 11 μm and d90 of 28 μm. The absolute density, measured using a helium gas pycnometer (Micromeritics, AccuPyc II 1340, Georgia, USA), was 2.48 g.cm-3. The chemical composition of the recycled glass was determined by X-ray fluorescence (XRF Spectro 2000 Analyser) and is shown in Table 1.
Paper sludge ash (PSA) was supplied by a major paper mill in South East England, producing newsprint from recycled paper. They use combustion in a fluidized bed boiler at 850 °C to manage waste paper sludge. The PSA produced is a fine grey powder. The chemical composition is presented in Table 1.
The particle size distribution of the as-received PSA was determined by laser diffraction (Beckman Coulter LS-100). The PSA has a d10 (10% by volume of particles having a diameter smaller than this size) of 23 μm, a d50 (mean diameter) of 156 μm and d90 of 395 μm. The absolute density, excluding the pores between particles, measured using a helium gas pycnometer (Micromeritics, AccuPyc II 1340, Georgia, USA), was 2.85 g·cm-3. 
The crystalline phases present in PSA were determined by X-ray diffraction (XRD, Philips PW 1830 diffractometer system with 40 mA and 40 kV, Cu radiation). As shown in Figure 1, the major crystalline phases present are gehlenite (Ca2Al2SiO7), mayenite (Ca12Al14O33), calcite (CaCO3), calcium silicate (a’–Ca2SiO4), lime (CaO) and quartz (SiO2). PSA particles are porous and heterogeneous as shown by the SEM micrographs in Figure 2. Separate particles form larger agglomerates as a consequence of combustion. 

a: calcium silicate (a’–Ca2SiO4)
c: calcite (CaCO3)
g: gehlenite (Ca2Al2SiO7)
l:  lime (CaO)
m: mayenite (Ca12Al14O33)
q: quartz (SiO2)

Fig. 1 X-ray diffractogram of as-received paper sludge ash

Table 1 Chemical composition (wt. %) of recycled glass and PSA
	
	SiO2
	CaO
	Na2O
	MgO
	Al2O3
	K2O
	Fe2O3
	SO3
	TiO2
	P2O5
	Others

	Waste glass
	75.8
	12.0
	7.3
	2.3
	1.4
	0.6
	0.3
	0.2
	nd
	nd
	-

	PSA
	21.2
	61.2
	nd
	2.8
	12.6
	0.4
	0.9
	0.2
	0.3
	0.1
	0.1
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Fig. 2 Scanning electron micrographs of PSA particles
Characterisation of sintering behaviour
The sintering behavior of recycled glass and PSA has been characterized using dilatometry (Netzsch 402E). Pressed fine glass powder and PSA samples were heated to 800 °C and 1400 °C respectively at a constant rate of 10 °C/min. Thermogravimetric analysis of PSA (Netzsch STA 449 F1 Jupiter®) used dried powder weighing ~35mg with a heating rate of 10 °C/min.
Preparation of PSA-glass lightweight fillers (LWFs)
Milled recycled glass was mixed with various amounts (0-50 wt.%) of PSA by wet ball milling (Pascal Engineering Ltd.) at a constant rate of 45 rpm for 1 hour using 19 mm diameter alumina balls as the milling media. 500g batches of raw materials were used with 1000 mL of water with a solid: milling media ratio of 1:5. Wet-milling resulted in thick slurry which was dried at 105 °C for 24 hours. The dried glass-PSA powder was manually ground using a pestle and mortar and sieved to < 475 μm. Spherical particles were formed using a pan-pelletiser with the addition of ~50% (w/v) water. Green pellets ranging in diameter from 0.5–5 mm were fired in a Carbolite rotary tube furnace. This had a 150 cm long tube with a 90 cm central heated zone. The speed of rotation was 10 rpm and it was kept horizontal to control the sintering time. 
Characterisation of sintered products

The dry density of the sintered LWFs (apparent specific gravity) was determined using Archimedes Principle [16]:

,

where the dry mass is mdry, immersed mass is mimm and 24-h saturated surface-dry mass is msat. In order to ensure full saturation, samples were kept under water and under vacuum for 24 hours. The water absorption (WA24) was calculated according to the following formula:

%.

The crushing strength of LWFs produced was determined by loading a bulk amount of 3-4 g of LWFs between two parallel plates until 10% deformation is achieved. The confined compressive strength CS (10) was calculated using [17]:

, 

where F10 is the load recorded at 10% deformation, and A is the area of the load distribution plate.
The physical properties (particle density, water absorption and confined compressive strength) of commercially produced LWFs have also been determined using the same test methods. Results reported represent average values of ten individual samples tested.
Fracture surfaces of pellets were Au coated and examined using scanning electron microscopy (SEM, JEOL JSM-5610LV) to investigate the microstructure.
Results and Discussion
Sintering properties of recycled glass and PSA
The dilatometer data for PSA and glass are presented in Figure 3. Recycled glass powder exhibits shrinkage of 23.2% between 594 °C and 664 °C, which indicates the temperature range within which glass softening occurs. This is comparable data to that reported by Karamanov et al. [18]. PSA has low sintering reactivity as particles did not sinter together to form a rigid body and samples fell apart after heating to 1180 °C. Solid-state reactions failed to lead to coalescence of PSA particles and densification.
Thermogravimetric analysis data for PSA is shown in Figure 4. TGA of PSA shows an initial weight loss between ambient and 120 °C associated with the evaporation of residual water. Weight loss at temperatures up to 400 °C is caused by thermal degradation of the residual organic content in PSA, which is due to incomplete paper sludge decomposition during combustion. Weight loss between 600 °C and 780 °C is attributed to the decomposition of calcite (CaCO3) to lime (CaO) with simultaneous generation of CO2, while heat absorption is detected. This corresponds to a trough in the DTA curve, given that calcite decomposition is an endothermic phenomenon. These findings corroborate those reported by Fava et al. [19]. Evolution of CO2 gas within this temperature range makes PSA a potential expanding agent for preparing porous glass particles. 


Fig. 3 Dilatometer results for glass and PSA        Fig. 4 TGA and DTA results for PSA
Physical and mechanical properties of sintered products
The effect of PSA addition on density and water absorption of various glass-PSA mixes is shown in Figure 5 which also contains data for a commercial LWF.
Samples prepared with PSA additions up to 20 wt. % have similar or lower densities than 5 mm commercial LWFs. Given low sintering reactivity of PSA, further increases in the PSA content inhibits the formation of sufficient glassy phases to entrap the gases being evolved. Lack of pore formation results in increased density. Peak density values observed at 30 wt. % addition of PSA indicate sufficient viscous phase formation. However, simultaneous excessive gas evolution leads to collapse of the pore network, justifying peak density values. Further increases in the PSA content results in both decreased glassy phases formation and excessive gas escape with samples exhibiting a chalky surface. A  At 10 wt. % addition of PSA, lightweight fillers with a particle density as low as 0.45 g cm-3 are obtained. However, excessive interconnection of pores and piercing of the vitrified layer formed, due to the presence of glass, results in high water absorption of 145 %. The optimum samples, combining low density and relatively low water absorption, contained 80 wt. % glass and 20 wt. % PSA and these had a density of 0.75 g cm-3 and water absorption of 75 %. In contrast, glass sintered pellets have a particle density of 1.12 g cm-3 and water absorption of 3.8 %.

Commercial LWF WA24

Commercial LWF density

Fig. 5 Effect of PSA addition on the density and water absorption of sintered glass-PSA pellets at 800 °C 
Effect of sintering time on physical properties of LWFs
The effect of sintering time on the 80/20 glass/PSA pellets fired at 800 °C is shown in Figure 6. Microstructural evolution can be described by four distinct stages: a) heating, b) glass softening/gas evolution, c) stabilisation and d) further densification. The expansion process of sintered LWFs is a dynamic balance between the evolution of gaseous species from PSA and the inhibiting formation of viscous glass layers able to encapsulate those gases. 
Based on this data, the optimum sintering time was 15 minutes with LWFs having a density of 1 g·cm-3 and WA of 17%. The limitations on pore size increase can be explained by the disintegration of the rigid cell walls of sintered particles reflected on the rapid increase in water absorption rates when sintering between 15 and 20 minutes. After sintering for 20 minutes, no significant changes were observed in the LWF properties tested.


Fig. 6 Effect of sintering time on density and water absorption of 80/20 glass/PSA mixes sintered at 800 °C
Microstructure of LWFs
The fracture surfaces of the optimum 80/20 glass/PSA LWFs and commercial LWFs are shown in Figure 7. This shows that a uniform distribution of approximately spherical pores with typical diameters of 50-150 μm is formed in glass/PSA pellets fired at 800 °C for 15 minutes (Fig 7b,c), as opposed to a network of 10-40 μm pores present in pure glass sintered pellets (Fig 7a). Interconnection of pores was engineered to a minimum by controlling the sintering time. Formation of rigid walls between the pores ensures improved mechanical behaviour of the LWFs produced. In contrast, commercial LWFs have a network of 200-300 μm pores with smaller pores also found on the boundaries between these large pores, as depicted in Fig 7d.
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Fig. 7 Morphology of LWFs tested: a) Cross-section of glass sintered pellets at 800 °C  for 15 minutes, b) Sintered 80/20 glass/PSA LWF sintered at 800 °C for 15 min. c) Higher magnification image of sample depicted in (b), d) Commercial LWF
Crushing strength of LWFs
The confined compressive strengths CS(10) for 80/20 glass/PSA LWFs sintered at 800 °C for 15 minutes with a diameter of 1-2 mm and 2-5 mm are compared against commercial LWFs in Table 2. Artificial glass-based LWFs with 20% addition of PSA have consistent mechanical properties regardless of the LWF size. The crushing strength is 2.9 MPa and this is three times higher than values for typical commercially available LWFs. Enhanced mechanical properties have also been achieved compared to those reported in a recent study by Christogerou et al. [20].

Table 2 Mechanical properties of 80/20 glass/PSA LWFs and commercial LWFs
	Sample ID
	CS (10) (MPa)

	Commercial LWF 1-2 mm
	1.3

	80/20 glass/PSA LWFs 1-2 mm
	2.9

	Commercial LWF 2-5 mm
	1.1

	80/20 glass/PSA LWFs 2-5 mm
	2.9



Conclusions
The object of this work was to develop lightweight filler particles using waste glass and paper sludge ash (PSA). The conclusions derived from the results are:

· A glass-PSA system can form lightweight materials using simple processing technology involving wet milling, pelletising and low temperature sintering;
· addition of recycled glass aids sintering of PSA given the low sintering reactivity of PSA;
· encapsulation of evolving gases within the particle body during sintering is the predominant mechanism responsible for the LWF microstructure;
· lightweight fillers containing 80 wt. % glass and 20 wt. % PSA sintered at 800 °C for 15 minutes have density of ~1 g cm-3 and water absorption of 17 % compared to 115 % for the commercial LWFs tested; 
· the results indicate potential for the production of high-performance LWFs with mechanical properties significantly enhanced compared to commercial products.
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Recycled Glass	0	4	6	8	10	12	14	16	18	20	22	24	26	28	30	32	34	36	38	40	42	44	46	48	50	52	54	56	58	60	62	64	66	68	70	72	74	76	78	80	82	84	86	88	90	92	94	96	98	100	102	104	106	108	110	112	114	116	118	120	122	124	126	128	130	132	134	136	138	140	142	144	146	148	150	152	154	156	158	160	162	164	166	168	170	172	174	176	178	180	182	184	186	188	190	192	194	196	198	200	202	204	206	208	210	212	214	216	218	220	222	224	226	228	230	232	234	236	238	240	242	244	246	248	250	252	254	256	258	260	262	264	266	268	270	272	274	276	278	280	282	284	286	288	290	292	294	296	298	300	302	304	306	308	310	312	314	316	318	320	322	324	326	328	330	332	334	336	338	340	342	344	346	348	350	352	354	356	358	360	362	364	366	368	370	372	374	376	378	380	382	384	386	388	390	392	394	396	398	400	402	404	406	408	410	412	414	416	418	420	422	424	426	428	430	432	434	436	438	440	442	444	446	448	450	452	454	456	458	460	462	464	466	468	470	472	474	476	478	480	482	484	486	488	490	492	494	496	498	500	502	504	506	508	510	512	514	516	518	520	522	524	526	528	530	532	534	536	538	540	542	544	546	548	550	552	554	556	558	560	562	564	566	568	570	572	574	576	578	580	582	584	586	588	590	592	594	596	598	600	602	604	606	608	610	612	614	616	618	620	622	624	626	628	630	632	634	636	638	640	642	644	646	648	650	652	654	656	658	660	662	664	666	668	670	672	674	676	678	680	682	684	686	688	690	692	694	696	698	700	702	704	706	708	710	712	714	716	718	720	722	724	726	728	730	732	734	736	738	740	742	744	746	748	750	752	754	756	758	760	762	764	766	768	770	772	774	776	778	780	782	784	786	788	790	792	794	796	798	800	802	804	806	808	810	812	814	816	818	820	822	824	826	828	0	-7.5679000000000002E-4	-1.0177000000000001E-3	-1.1221E-3	-2.4791000000000001E-3	-2.4399999999999999E-3	-4.3711000000000002E-3	-1.0111999999999999E-2	-1.4992E-2	-2.0590000000000001E-2	-2.6761E-2	-3.2828999999999997E-2	-3.8934999999999997E-2	-4.4455000000000001E-2	-4.9465000000000002E-2	-5.3967000000000001E-2	-5.7868000000000003E-2	-6.1194999999999999E-2	-6.4248E-2	-6.6975999999999994E-2	-6.9924E-2	-7.3746999999999993E-2	-7.7571000000000001E-2	-8.2045999999999994E-2	-8.7499999999999994E-2	-9.1883999999999993E-2	-9.7834000000000004E-2	-0.10348	-0.1087	-0.11365	-0.11801	-0.12330000000000001	-0.12723999999999999	-0.13228000000000001	-0.13733999999999999	-0.14244999999999999	-0.1482	-0.15425	-0.16042999999999999	-0.16664000000000001	-0.17299	-0.17932000000000001	-0.18543000000000001	-0.19139999999999999	-0.19722999999999999	-0.20279	-0.20821999999999999	-0.21356	-0.21898000000000001	-0.22422	-0.22916	-0.23480000000000001	-0.23910999999999999	-0.24437999999999999	-0.249	-0.25374000000000002	-0.25846999999999998	-0.26229000000000002	-0.26635999999999999	-0.27056000000000002	-0.27367999999999998	-0.27594999999999997	-0.27894000000000002	-0.28144999999999998	-0.28317999999999999	-0.28519	-0.28732000000000002	-0.29024	-0.29174	-0.29354000000000002	-0.29485	-0.29665999999999998	-0.29882999999999998	-0.29996	-0.30131999999999998	-0.30227999999999999	-0.30353999999999998	-0.30470000000000003	-0.30574000000000001	-0.30648999999999998	-0.30745	-0.30836000000000002	-0.30903000000000003	-0.30980999999999997	-0.31048999999999999	-0.31112000000000001	-0.31161	-0.31224000000000002	-0.31280000000000002	-0.31319999999999998	-0.31363999999999997	-0.31407000000000002	-0.31424999999999997	-0.31480999999999998	-0.31511	-0.31534000000000001	-0.31568000000000002	-0.31603999999999999	-0.31635999999999997	-0.31652999999999998	-0.31679000000000002	-0.31705	-0.31718000000000002	-0.3175	-0.31761	-0.31797999999999998	-0.31814999999999999	-0.31835000000000002	-0.31849	-0.31886999999999999	-0.31902000000000003	-0.31920999999999999	-0.31938	-0.31962000000000002	-0.31979000000000002	-0.31995000000000001	-0.32012000000000002	-0.32041999999999998	-0.32057999999999998	-0.32071	-0.32102000000000003	-0.32131999999999999	-0.32157000000000002	-0.32183	-0.32203999999999999	-0.32229000000000002	-0.3226	-0.32296000000000002	-0.32312999999999997	-0.32340000000000002	-0.32379999999999998	-0.32425999999999999	-0.32451999999999998	-0.32479000000000002	-0.32519999999999999	-0.32556000000000002	-0.32597999999999999	-0.32640000000000002	-0.32677	-0.32747999999999999	-0.32800000000000001	-0.32839000000000002	-0.32890000000000003	-0.32933000000000001	-0.32990999999999998	-0.33046999999999999	-0.33090000000000003	-0.33134000000000002	-0.33193	-0.33237	-0.33274999999999999	-0.33383000000000002	-0.33426	-0.33359	-0.33565	-0.33512999999999998	-0.33689000000000002	-0.33721000000000001	-0.33605000000000002	-0.33712999999999999	-0.33783999999999997	-0.33835999999999999	-0.33907999999999999	-0.33917000000000003	-0.33976000000000001	-0.34001999999999999	-0.34033999999999998	-0.34071000000000001	-0.34144000000000002	-0.34121000000000001	-0.34156999999999998	-0.34203	-0.34234999999999999	-0.34264	-0.34300999999999998	-0.34336	-0.34384999999999999	-0.34410000000000002	-0.34456999999999999	-0.34505000000000002	-0.34538000000000002	-0.34581000000000001	-0.34615000000000001	-0.34677999999999998	-0.34709000000000001	-0.34752	-0.34815000000000002	-0.34858	-0.34892000000000001	-0.34953000000000001	-0.35006999999999999	-0.35059000000000001	-0.35119	-0.35188999999999998	-0.35260999999999998	-0.35331000000000001	-0.35393999999999998	-0.35482999999999998	-0.35565999999999998	-0.35654000000000002	-0.35759000000000002	-0.35832000000000003	-0.35962	-0.36046	-0.36180000000000001	-0.36301	-0.36420000000000002	-0.36546000000000001	-0.36686000000000002	-0.36826999999999999	-0.36978	-0.37147999999999998	-0.37325999999999998	-0.37502999999999997	-0.37684000000000001	-0.37902000000000002	-0.38090000000000002	-0.38296000000000002	-0.38535999999999998	-0.38774999999999998	-0.39040000000000002	-0.39298	-0.39572000000000002	-0.39857999999999999	-0.40131	-0.40449000000000002	-0.40740999999999999	-0.41072999999999998	-0.41435	-0.41789999999999999	-0.42157	-0.42543999999999998	-0.42992999999999998	-0.43392999999999998	-0.43864999999999998	-0.44328000000000001	-0.44829000000000002	-0.45334999999999998	-0.45865	-0.46403	-0.46964	-0.47543999999999997	-0.48171000000000003	-0.48845	-0.49525000000000002	-0.50248000000000004	-0.51012999999999997	-0.51827000000000001	-0.52722000000000002	-0.53661000000000003	-0.54678000000000004	-0.55822000000000005	-0.56967999999999996	-0.58262000000000003	-0.59658	-0.61197999999999997	-0.62885999999999997	-0.64681999999999995	-0.66681000000000001	-0.68889999999999996	-0.71364000000000005	-0.74092999999999998	-0.77288999999999997	-0.80732999999999999	-0.84560000000000002	-0.88654999999999995	-0.93352000000000002	-0.98424	-1.0394300000000001	-1.10179	-1.1735100000000001	-1.2553799999999999	-1.3374200000000001	-1.42503	-1.5212300000000001	-1.6236699999999999	-1.73055	-1.84161	-1.96048	-2.0866699999999998	-2.2187999999999999	-2.36605	-2.5439699999999998	-2.7250800000000002	-2.9350999999999998	-3.1628699999999998	-3.3950800000000001	-3.6354600000000001	-3.8436499999999998	-4.0348499999999996	-4.2017199999999999	-4.35975	-4.5073800000000004	-4.6484800000000002	-4.7886499999999996	-4.9352400000000003	-5.0973499999999996	-5.2763900000000001	-5.4783999999999997	-5.7165499999999998	-6.0179200000000002	-6.3836500000000003	-6.7970800000000002	-7.1913900000000002	-7.55898	-7.9459799999999996	-8.3430199999999992	-8.72837	-9.0972899999999992	-9.4689399999999999	-9.8729700000000005	-10.3078	-10.73729	-11.141959999999999	-11.55996	-12.04419	-12.61673	-13.19115	-13.78647	-14.567310000000001	-15.280519999999999	-15.89625	-16.558700000000002	-17.32357	-18.094709999999999	-18.827069999999999	-19.604009999999999	-20.392769999999999	-21.163969999999999	-21.90767	-22.651990000000001	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	-23.20702	As-received PSA	24.988	24.183	23.405999999999999	22.718	22.056999999999999	21.452000000000002	20.896000000000001	20.387	35.463000000000001	61.518000000000001	66.861999999999995	88.567999999999998	100.854	113.925	130.536	140.07899	156.215	166.36301	179.98	191.5	203.226	215.16399999999999	226.209	237.851	248.75998999999999	259.95699999999999	270.85199	281.70900999999998	292.50299000000001	303.17899	313.82199000000003	324.392	334.90201000000002	345.34899999999999	355.80399	366.19101000000001	376.51598999999999	386.84798999999998	397.13	407.39801	417.62099999999998	427.84899999999999	438.02399000000003	448.24399	458.38598999999999	468.51801	478.65100000000001	488.79199	498.89301	508.98901000000001	519.07001000000002	529.15099999999995	539.22699	549.29700000000003	559.35100999999997	569.42296999999996	579.45898	589.52002000000005	599.55402000000004	609.57397000000003	619.61699999999996	629.66301999999996	639.69897000000003	649.73401000000001	659.72802999999999	669.76300000000003	679.78899999999999	689.79498000000001	699.81299000000001	709.82299999999998	719.83001999999999	729.83600000000001	739.85100999999997	749.86401000000001	759.87298999999996	769.87298999999996	779.88202000000001	789.88202000000001	799.88300000000004	809.89098999999999	819.90503000000001	829.91301999999996	839.95001000000002	849.94201999999996	859.91699000000006	869.92798000000005	879.92602999999997	889.94201999999996	899.94501000000002	909.91900999999996	919.92400999999995	929.93298000000004	939.94299000000001	949.94299000000001	959.95398	969.95299999999997	979.94597999999996	989.96001999999999	999.97100999999998	1009.96802	1019.9580099999999	1029.96704	1039.9699700000001	1049.97803	1059.96497	1069.9489699999999	1079.95605	1089.9630099999999	1099.9699700000001	1109.96704	1119.9580100000001	1129.95398	1139.9599599999999	1149.96802	1159.9699700000001	1169.9620399999999	1179.9589800000001	1189.95496	1199.96704	1209.97705	1219.9709499999999	1229.9520299999999	1239.9620399999999	1249.95605	1259.95496	1269.94397	1279.9379899999999	1289.96594	1300.06006	1309.9720500000001	1319.9589800000001	1329.9599599999999	1339.98901	1350.0069599999999	1359.97803	1369.98901	1379.97595	1389.97595	1399.9709499999999	1401.95372	1401.2104099999999	1401.13501	1400.9950899999999	1400.86292	1400.7669699999999	1400.67353	1400.5791200000001	1400.47705	1400.4155499999999	1400.35868	1400.3050499999999	1400.26514	1400.2233900000001	1400.1910399999999	1400.15552	1400.12799	1400.0989999999999	1400.08573	1400.07394	1400.0550499999999	1400.05204	1400.03556	1400.02405	1400.0253700000001	1400.02144	1400.0190399999999	1400.00323	1399.9974299999999	1399.99695	1395.29297	1384.4799800000001	1374.4050299999999	1364.2559799999999	1354.13599	1344.0050000000001	1333.8919699999999	1323.7919899999999	1313.7020299999999	0	-1.7600000000000001E-3	-3.49E-3	-5.2199999999999998E-3	-6.8200000000000005E-3	-8.3700000000000007E-3	-9.8900000000000012E-3	-1.133E-2	-1.814E-2	-4.3929999999999997E-2	-6.4199999999999993E-2	-8.5430000000000006E-2	-0.10763999999999999	-0.12034	-0.13514000000000001	-0.14078000000000002	-0.14568	-0.14648	-0.14443999999999999	-0.14094999999999999	-0.13411000000000001	-0.12672	-0.11787	-0.10890999999999999	-9.9210000000000007E-2	-8.9270000000000002E-2	-7.9329999999999998E-2	-6.9349999999999995E-2	-5.9559999999999995E-2	-4.9939999999999998E-2	-4.1110000000000001E-2	-3.279E-2	-2.5700000000000001E-2	-1.9809999999999998E-2	-1.5599999999999999E-2	-1.338E-2	-1.2679999999999999E-2	-1.269E-2	-1.2829999999999999E-2	-1.3559999999999999E-2	-1.5540000000000002E-2	-1.7009999999999997E-2	-1.6579999999999998E-2	-1.3339999999999999E-2	-7.3499999999999998E-3	-9.5999999999999992E-4	5.4799999999999996E-3	1.227E-2	1.8860000000000002E-2	2.5649999999999999E-2	3.2500000000000001E-2	3.934E-2	4.6359999999999998E-2	5.3460000000000001E-2	6.0769999999999998E-2	6.7659999999999998E-2	7.4770000000000003E-2	8.1879999999999994E-2	8.9260000000000006E-2	9.7009999999999999E-2	0.10503999999999999	0.11369	0.12272	0.13253000000000001	0.1429	0.15426999999999999	0.16659000000000002	0.17994000000000002	0.19478000000000001	0.21085999999999999	0.22840999999999997	0.24759999999999999	0.26778000000000002	0.2883	0.30764999999999998	0.32457999999999998	0.33305000000000001	0.33062000000000002	0.31070999999999999	0.25941999999999998	0.16477	1.2120000000000001E-2	-0.23433999999999999	-0.57378000000000007	-0.84498000000000006	-1.0234999999999999	-1.1295999999999999	-1.1713	-1.1749000000000001	-1.1455	-1.0880000000000001	-1.0137	-0.93074000000000001	-0.84547000000000005	-0.75929000000000002	-0.67279999999999995	-0.58067000000000002	-0.48569000000000001	-0.38534000000000002	-0.28417999999999999	-0.18337000000000001	-8.9889999999999998E-2	5.5000000000000003E-4	8.1309999999999993E-2	0.15447	0.21595999999999999	0.26564000000000004	0.29868	0.31490000000000001	0.31653999999999999	0.30338000000000004	0.26800999999999997	0.20363000000000001	0.10101000000000002	-4.9989999999999993E-2	-0.26450000000000001	-0.57030000000000003	-0.96177000000000001	-1.3633	-1.7687999999999999	-2.2679999999999998	-3.1082999999999998	-4.5629	-7.2695999999999996	-10.485999999999999	-14.723000000000001	-19.741	-19.741	-19.741	-19.741	-19.741	-19.741	-19.741	-19.741	-19.741	-19.741	-19.741	-19.741	-19.741	-19.741	-19.741	-19.741	-19.741	-19.741	-19.741	-19.741	-19.741	-19.741	-19.741	-19.741	-19.741	-19.741	-19.741	-19.741	-19.741	-19.741	-19.741	-19.741	-19.741	-19.741	-19.741	-19.741	-19.741	-19.741	-19.741	-19.741	-19.741	-19.741	-19.741	-19.741	-19.741	-19.741	-19.741	-19.741	-19.741	-19.741	-19.741	-19.741	Temperature (°C)

dL/Lo (%)
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Weight ( wt.%)

DTA (μV/mg)

density	0.04	0.06	0.04	0.06	7.0000000000000007E-2	0.04	0.06	0.04	0.06	7.0000000000000007E-2	10	20	30	40	50	0.45	0.96	1.6	1.19	1.08	0.1	0.2	0.3	0.4	0.5	0.75	0.75	0.75	0.75	0.75	0.75	0.1	0.2	0.3	0.4	0.5	0.65	0.65	0.65	0.65	0.65	Poraver	10	20	30	40	50	0.65	0.65	0.65	0.65	0.65	Poraver 2	10	20	30	40	50	0.75	0.75	0.75	0.75	0.75	Water absorption	11	6.9	3.1	4.0999999999999996	2.7	11	6.9	3.1	4.0999999999999996	2.7	10	20	30	40	50	144.1	75.3	20.399999999999999	45.9	54.24	Poraver WA	10	20	30	40	50	106.1	106.1	106.1	106.1	106.1	Poraver Wa2	10	20	30	40	50	122.3	122.3	122.3	122.3	122.3	PSA (wt.%)

particle density (g cm-3)

Water absorption (%)


0.05	0.19	0.18	0.08	0.03	0.05	0.11	0.05	0.19	0.18	0.08	0.03	0.05	0.11	0	2	5	10	15	20	30	40	1	1.8	1.31	1.01	1.07	0.75	0.86	0.88	Poraver	2	5	10	15	20	30	40	0.75	0.75	0.75	0.75	0.75	0.75	0.75	2	5	10	15	20	30	40	0.65	0.65	0.65	0.65	0.65	0.65	0.65	3.6	3.3	10.1	4	9.6999999999999993	10	12.4	3.6	3.3	10.1	4	9.6999999999999993	10	12.4	2	5	10	15	20	30	40	11.9	14.9	23.9	17.03	75.3	61.1	66.3	2	5	10	15	20	30	40	122.3	122.3	122.3	122.3	122.3	122.3	122.3	122.3	2	5	10	15	20	30	40	106.1	106.1	106.1	106.1	106.1	106.1	106.1	106.1	Sintering time (min)

particle density (g cm-3)

Water absorption (%)
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