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Abstract
The present work deals with incorporating toxic arsenic-contaminated sludge (AsCS) obtained from groundwater filtration into a chemically durable borosilicate glass matrix to overcome the arsenic (As) toxicity from environmental exposure of sludge. Upto 25 wt% of AsCS loaded borosilicate system found X-ray amorphous that ensures the successful glass formation. The optical absorption spectra reveal the utilization of AsCS to develop heat absorption property (NIR absorption~1000 nm) into the borosilicate matrix. 3-5 wt% of AsCS was found suitable to develop a geen colour glass which may have potential to be utilized in various uses. Furthermore, the generated green colour glass can be turned into yellow with the adoption of novel energy-efficient microwave heating (MW) technology.

 Significantly lower leaching rate (7.47 *10-7 g.cm-2.h-1 for maintaining a thermal cycle of 75 °C 8h/day in 42 days) followed by a successful immobilization of As confirmed by the ICP-MS data establish the hypothesis behind the choice of borosilicate matrix for AsCS immobilization. Additionally, a unique processing advantage was discovered that can potentially tune the colour of the borosilicate matrix from dark green to somewhat in yellow region adopting microwave heating.





2.2 Microwave heating:
The glasses M1, M2, and M3 were melted under MW heating in a 3kW Microwave furnace operating with 2.45 GHz frequency using a transparent silica crucible for M1 (due to the silica-based composition) and alumina crucible for M2, M3 (due to their high melting temperature≥1350°C).The temperature- time-power (T-t-P) diagram in Fig. 1 obtained from DAQ software recording the melting data depicts the change in temperature and MW power with time for 10 and 20 wt.% AsCS incorporated glasses (M2, M3). M1 is melted at 1350°C similar to G1. The melting temperatures for M2 and M3 were fixed at 1400 and 1370°C respectively depending on their composition.
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Fig. S1 Temperature-time -power profile (T-t-P) of MW melted glass M2: SBNCZ_AsCS 10 (left) and M3: SBNZ_AsCS 20 (right)
4. Result and Discussion
The AsCS powder was first analyzed using FESEM-EDX for elemental composition to verify the previous reports and to ensure the major sludge components before incorporation in glass. Fig. 2 (a) highlights the microscopic view of the sludge surface analyzed in three positions for component verification. The composition was nearly identical irrespective of the position scanned, which has been presented in Table 2. This study justifies the use of glass for AsCS immobilization purposes. 
Fig. 2(c) exhibits the XRD profile of the dried AsCS indicating a substantial amount of amorphous nature with some crystalline phase in it. Sludge usually contains iron in the form of Fe(OH)3 precipitate; the major amorphous phase of the sludge is iron hydroxide[endnoteRef:1]. The adsorbed arsenic by the iron oxide particle is believed to exist in that amorphous phase. Calcium is a major element present in the AsCS (Table 2) and eventually, the crystalline phases identified match well with calcium oxide (ICDD-00-028-0775) as well as calcium carbonate (ICDD-01-085-0849). FTIR spectrum in Fig. 2(d), the asymmetric stretching vibration of carbonate was recorded at 1468 and 1422 cm-1 followed by the characteristic bending vibration at 876 cm-1 confirming the presence of carbonate functionality. Literature reveals that the presence of a vibrational band at 712 and 876 cm-1 is characteristic for calcite[endnoteRef:2]. A broad absorption band at 3420 cm-1 can be assigned for O-H stretching. Apart from molecular water, this band can also contribute to the iron hydroxide component in AsCS.  [1: 	S. Sarkar, L. M. Blaney, A. Gupta, D. Ghosh, A. K. Sengupta Arsenic removal from groundwater and its safe containment in a rural environment: validation of a sustainable approach. Environ. Sci. Technol.  42 (2008) 4268-4273. DOI: 10.1021/es702556t]  [2:       A. G. Xyla, P. G. Koutsoukos Quantitative analysis of calcium carbonate polymorphs by infrared Spectroscopy. J. Chem. Soc., Faraday Trans. 1, 1989, 85(10), 3165-3172. https://doi.org/10.1039/F19898503165] 

Now, the FESEM-EDX analysis (Fig. 2(b)) reveals that AsCS is mainly comprised of iron-containing compounds, followed by a considerable amount of Ca, Zn, Si, P, Al, As, etc. Notably, the toxic element arsenic is present in minor quantity in comparison to the other constituents.




The AsCS-loaded glasses (as mentioned in Table 1) were prepared under the melt quenching route both in resistive heating and under energy-efficient MW heating. Fig. 3(I) shows the glasses (G1, G2, G3, G5) prepared with 5-25% of ACS in a resistive heating furnace(1st row) and the 2nd row of Fig. 3(I) indicates the 5-20% ACS incorporated glasses prepared under MW heating.
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Fig. S2	Photograph of different amount of AsCS containing glasses (I) Glass plates in 1st row prepared with 5-25% of ACS in resistive heating furnace: (A)SBNCZ_AsCS5 (G1); (B)SBNCZ_AsCS10 (G2); (C)SBNZ_AsCS20 (G3)and (D)SBNZ_AsCS25 (G5); Glass plates in 2nd row prepared with 5-20% of AsCS in microwave heating furnace: (A) SBNCZ_AsCS 5(M1)  (B) SBNCZ_AsCS 10(M2) and (C)SBNZ_AsCS 20(M3)
Feasibility of making colour glass for commercial use: (II) 3 wt% AsCS containing glass sample with dimension 115 x 84 x 26mm; (III) 5 wt% AsCS containing glass sample(G1) with dimension 58 x 46 x 15 mm

Fig. 3 clearly depicts the visible appearance of the glass samples with subsequent addition of sludge up to 25%. This preliminary observation indicates the darkening of glass with the incorporation of 10 wt% AsCS or more. A distinct change can be noticed between the glass G1 and M1 in Fig. 3(I). This signifies a strong role of MW heating in altering the optical properties of glass containing transition metal like Fe. All the base glass components consisting of the raw materials are non-colouring agents. Thus, multicomponent sludge (AsCS) consisting of mainly iron oxide, imparts colour to the glass matrix.
Fig. 4 illustrates the XRD Profile of different amounts of AsCS-containing glasses with waste loading varying within 5-25%. The XRD pattern indicates the x-ray amorphous nature of all the samples as the glass is known to have lack of long-range ordering. The amorphous profile further depicts the sludge embedded within the glassy matrix without any crystalline phase separation. To further confirm the limit of AsCS loading in this borosilicate matrix, the waste loading was gradually enhanced keeping the glass former components (SiO2 and B2O3) fixed (G1, G2, G3, G4). The maxima of the broad humps shift towards the lower 2θ side in the higher AsCS-containing glasses (G3, G5). This might indicate that the higher amounts of constituting ions in the sludge highly modify the primary glass network.

The conventional glasses G1, G2, and G3 were found to be x-ray amorphous as observed in Fig 4. Henceforth, further addition of 25 wt% AsCS in the glass matrix results in phase separation of magnetite (Fe3O4) as well as hematite (Fe2O3) as identified with the ICDD database [see in Fig. 4 inset]. At substantially high melting temperatures, the presence of higher Fe(II) content along with Fe(III) sensitized the subsequent phase separation of magnetite in the case of G4. In order to maximize sludge loading, the glass composition was modified with subsequent replacement of SiO2 with B2O3. Enhancing B2O3 content at the expense of SiO2 produces a similar x-ray amorphous nature of the sample with no further crystalline phase generation (G5).
Once the various amounts of sludge (5-25 wt% AsCS) loaded glasses were successfully prepared under resistive heating, it was replicated with a similar type of borosilicate composition under MW heating. In the XRD analysis of M2 and M3 samples, a similar non-crystalline nature was evident (not shown here). The energy-saving and shorter processing time aspect is clearly reflected in the T-t-P profile of MW melting (Fig. 1). It is possible to achieve an enormously higher heating rate in MW heating due to the molecular interaction of MW. Thus, the melting of AsCS-loaded glasses can be executed in a MW environment within 160 min, unlike 6-8 h in conventional resistive heating. It is clearly seen from Fig.1 that the maximum MW output power remains within ~1 kW. Apart from the energy efficiency, the MW melted glass M1 appears more transparent than G1, prepared under resistive heating and with a distinct colour variation. The UV-Vis-NIR absorption spectra were recorded to elucidate the observational changes. Fig. 4(a) shows the characteristic optical absorption behavior of the sample G1 and G2 having 5% and 10% AsCS content, respectively. 
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Fig. S3: A relative comparison between (a)UV-Vis-NIR absorption spectra of G1 and G2; (b) UV-Vis-NIR transmission spectra of G1 and M1;  UV-Vis-NIR absorption spectra of 5 wt% AsCS loading glass (G1) with and without batch sintering(c) and its Transmission spectra (d)

The absorption coefficient increases gradually with subsequent incorporation of sludge (AsCS) from 5 to 10 wt%. The absorption maxima at 1µm due to Fe(II) in octahedral coordination is almost double. This suggests that the AsCS is enriched with iron with homogeneous distribution throughout the sludge. The UV-Vis-NIR spectra depict the presence of iron in two different oxidation states (Fe2+, Fe3+). In addition to that, the octahedral and tetrahedral coordination of Fe2+ is resolved in the NIR region of ~1µm and ~2µm, respectively. However, in addition to six-fold and four-fold coordination, evidence of five-fold coordination of Fe2+ was found in other spectroscopic studies[endnoteRef:3]. Further, it is also found that the gradual increase of AsCS (5 to 10 wt%) results in a redshift near the cutoff region. This aligns with the previous observations of the modifier role of Fe2+ regardless of its coordination states. [3:       S. Rossano, H. Behrens, M. Wilke Advanced analyses of 57Fe Mossbauer data of alumino-silicate glasses Phys Chem Minerals (2008) 35:77-93. DOI: 10.1007/s00269-007-0200-8] 

Conversely, the transmission spectra presented in Fig. 5(b) highlight the potential of MW heating over altering the optical property of glass with identical sludge content. The 5% AsCS-loaded glass G1 (prepared in the resistive heating furnace) appears green with the corresponding visible transmission (~60%) maxima at 536 nm whereas it turns yellow with an enhanced optical transmission (80% in NIR and >70% in visible) for M1 (prepared under MW heating). Enhanced optical transparency and a moderate heat absorbing property in MW melting represent its uniqueness over conventional heating. 
Furthermore, G1 turns yellow with the sintered batch (at 650oC) whereas the identical batch produces a green color without sintering [inset of Fig. 5(d)]. Glass obtained from batch sintering looks similar to the M1 sample. Fig. 5(d) depicts the transmission spectra of G1 and the glass with sintered batch (of identical composition to G1). G1 with batch sintering produces maximum visible transmission in the yellow region ~570-580 nm, whereas the higher absorption maxima at 1000 nm indicating higher Fe2+ content results in the absorption of the yellow region and hence maximum visible transmission shifts in the green region [maxima at 535 nm denoted in Fig. 5(d) ]. Fig. 5(c) shows the corresponding absorption spectra, highlighting the sintering effect on reducing the Fe2+ absorption band at 1000 nm. Fe(II)/∑Fe ratio actually plays an important role in determining the visible color difference of the 5 wt.% AsCS containing sample. Therefore, it is quite obvious that the modulation of colour from green to yellow depends on the Fe2+ content in the octahedral coordination. The colour of the glass becomes yellow with increasing Fe3+  content in the glass with its predominant blue absorption.  
The AsCS is enriched with iron due to the use of ɑ-Fe2O3 nanoparticles[endnoteRef:4],[endnoteRef:5] or iron oxide components[endnoteRef:6],[endnoteRef:7] for effective adsorption of As(III) and As(V) from contaminated water. This iron in higher melting temperature gets equilibrated from Fe(III) to Fe(II) state. As evident from UV-Vis-NIR absorption spectra, the ferrous ion stabilized in octahedral and tetrahedral coordination environments. Further, it is also evident from the absorption spectra that the distribution of Fe(II) in the octahedral oxide environment is more in comparison to the tetrahedral environment. This can be interpreted on the basis of higher crystal field stabilization of Fe(II) in the octahedral field relative to the tetrahedral field. The presence of iron in ferric state(III) is examined by a 436 nm absorption near cutoff wavelength.  [4: 	D. Mukherjee, S. Ghosh, S. Majumdar, K. Annapurna Green synthesis of ɑ-Fe2O3 nanoparticles for arsenic(V) remediation with a novel aspect for sludge management. J. Environ. Chem. Eng. 4,(2016) 639-650. http://doi.org/10.1016/j.jece.2015.12010]  [5: 	A. Majumder, L. Ramrakhiani, D. Mukherjee, U. Mishra, A. Halder, A.K. Mandal, S. Ghosh. Green synthesis of iron oxide nanoparticles for arsenic remediation in water and sludge utilisation. Clean Technol. Environ. Policy 21, (2019) 795-813.  https://doi.org/10.1007/s10098-019-01669-1]  [6:      L. Hao, M. Liu, N. Wang, G. Li. A critical review on arsenic removal from water usingiron-based adsorbents. RSC Adv., 2018, 8,39545-39560. DOI: 10.1039/c8ra08512a]  [7: 	M. Berg, S. Luzi, P. T. K. Trang, P. H. Viet, W. Giger, D. StubenArsenic removal from groundwater by household sand filters: comparative field study, model calculations, and health benefits Environ. Sci. Technol. 2006, 40, 5667-5573. DOI: 10.1021/es060144z] 

Fig. 6 reveals the possible guiding factor over controlling the Fe(II) absorption band in the octahedral environment at 1000 nm following batch sintering as observed in Fig. 5(d). M1 batch components were melted under three different conditions (shown in Fig. 6)  in MW heating as follows ;
5 wt% ACS was properly mixed with the batch components followed by sintering at 650 °C for 3h before melting (A). Only batch components were sintered maintaining the identical sintering schedule followed by mixing of AsCS;  (B)batch components were mixed with 5 wt% AsCS and melted directly without sintering(C). 
In each case, the respective absorption coefficient is found to be significantly less relative to the conventional glass, G1. The corresponding transmission spectra are presented in Fig 6(b) to portray the almost identical visible appearance of all the three analogs of M1 derived from MW heating.
[image: ]
Fig. S4  UV-Vis-NIR spectra of MW melted glasses M1 (a) Absorption spectra (b) Transmission spectra
Here, the glasses M1 (A & B) produce an equal distribution of iron in the Fe(II) octahedral state and there is no significant colour variation for MW-prepared glasses. When the batch ( for M1) is subjected to melt under MW heating without sintering, relatively higher Fe(II) content is detected as seen in Fig 6(a). Therefore, it is understood that sintering at 650°C before melting does not have any role in diminishing the Fe(II) absorption band at 1000 nm. Direct melting of batch components with AsCS influences the Fe(II) stabilization in an octahedral environment. Unlike the glasses prepared in conventional heating, the MW synthesized glasses are optically more transparent both in visible and NIR regions. The 5 wt% AsCS-loaded MW synthesized glasses M1 [(see Fig 6(b) inset] having an identical batch composition with that of G1 produces ~ 80 % transmission in the NIR region up to 1500 nm followed by a visible transmission window of above ~70 % in the range ~ 463-768 nm. The M1 glasses appear yellow, contrasting the dark green appearance of the identical sample prepared under the resistive heating furnace. The maximum visible transmission in the yellow region(~586 nm) predominates resulting in the yellow appearance of the glass indirectly revealing the higher presence of Fe3+.
Fig. 7(a) and 7(b) clearly depict the variation of linear thermal expansion of the different AsCS-loaded samples derived from resistive heating as well as microwave heating. The respective data regarding the thermal properties of the samples are represented in Fig. 7(c) and 7(d) to show their nature of variation. In each case, the dilatometric softening temperature (Td), which indicates a structural deformation point, was found reasonably high even after 20 wt% of AsCS loading. The dilatometric softening point produces a gradually increasing trend for conventional glasses (G1, G2, G3) while a sharp decrease of Td in the case of M3 is due to the higher boron content in the sample in the expense of SiO2 (Table 1). 



Here, most elements present in sludge are generally used as an ingredient of glass in various roles such as modifier, fining agent, or colouring agent. The variation of glass transition temperature can be explained in the same direction, depicting the behavior of modifier ions. Usually, the glasses prepared in the resistive heating (G1, G2, G3) have fixed SiO2 and B2O3 content (Table 1). The sludge is gradually added with subsequent replacement of alkali and alkaline earth oxide ( Na2O, CaO, etc.). Again, a decreasing trend of Tg is found for the MW-prepared glasses (M1, M2, M3), which is similar to the decreasing SiO2 content (Table 1). Large incorporation of AsCS consisting of significant amount of modifier decreases Tg of glasses (G3, M3). Hence, the property modifier role of iron is clear with this data on the borosilicate system. However, the structural influence of iron redox states in silicate networks is quite interesting and complex in nature. Researchers have found that the ferrous and ferric states show different bonding natures in silicate glasses. While Fe2+ mostly plays the modifier role, Fe3+ is found to act as a weakly former associated with the Si-O-Fe bridging network. It is worth mentioning that the relatively higher polarising power of the Fe3+ ion imparts covalency to the Fe-O bond. 

[bookmark: _Ref136853331]In both cases, the coefficient of thermal expansion (CTE) decreases with the incorporation of AsCS (see Fig. 7(c) & 7(d)). This result initially shows that the borate group cross-linked with the silicate network,[endnoteRef:8] resulting in a more polymerized structure showing a low thermal expansion trend. Notably, the extent of decrease in CTE value in G1 to G2 is found more than in case of G2 to G3 (Fig. 7c). This observation could be justified from the available knowledge on borosilicate system; G1 to G2, a lowering of CTE value is associated with slight increment of Tg and hence it could be the change in boron coordination from 3-fold to 4-fold with charge compensation from modifiers influenced by AsCS constituent ions. But, 10% ACS (G2 to G3) as in G3 involves BO3 to BO4- conversion, and the rest of it is responsible for NBO generation reflected in lower Tg value. This observation is quite similar in MW-prepared glasses. Gradually, the increasing Fe3+ content in the network and its subsequent participation in the former with BO enforces behind the lower CTE still in G3. [8: 	M. Hubert,  A. J. Faber On the structural role of boron in borosilicate glasses.Phys. Chem. Glasses: Eur. J. Glass Sci. Technol. B, June 2014, 55 (3), 136–158.] 


The property of the glass depends on its structure; changing its bonding pattern formation of NBOs with the incorporation of modifier ions significantly influences its physical and chemical durability. However, a systematic structure-property correlation is very difficult to establish here. First, the predominant amount of modifier ions (from AsCS) enriched with iron is an external and non-stoichiometric component. Thus, the subsequent replacement of the stoichiometric amount of any sludge component is a significant limitation for the structural study. Still, with the help of the corresponding FTIR spectra shown in Fig. 8, we can put some important information about its bonding to establish a stable network as evidenced by thermal analysis and the influence of AsCS components over altering its property from shifting and changing the band's position. The most intense and broadband around 1038 cm-1(Fig. 8A) and 1039 cm-1(Fig. 8B) can be assigned for Si-Ob-Si asymmetric stretching vibration between two SiO4 tetrahedra. Silica is the major glass former and B2O3 is known to polymerize within the glass network, creating Si-O-B linkage at the expense of some Si-O-Si network 59. In the presence of modifier ions coming from AsCS, the charge compensates BO4 units and this BO4 unit can cross-link into the silicate network, resulting in enhanced 1038 cm-1 band intensity. This structural argument is suitable for practically observing shifting the band at a higher energy side. The broadness of the band is a typical signature of an amorphous nature where Si-O-Si bond lengths are not identical. In conventional glasses (Fig.8A) the intensities of the respective band increase with increasing AsCS loading. A decrease in thermal expansion and a slight increase in Tg from G1 to G2 support the argument (Fig. 7c). Further, a decrease in Tg with the additional modifier cations can be expected from the formation of NBOs from Si-O-Si bridging linkage of silicate unit without much degrading the Si-O-B linkage supported by previous findings. The lower bond strength of Si-O in comparison to B-O might favour the fact. In the case of MW melted glasses, the gradual decrease in silica content in the batch material (table 1) reflects the gradual decrease in Si-O-Si stretching band intensity. The shifting of the band exhibits a similar nature. Two low intense bands in the higher energy region 1300-1450 cm-1 are expected for B-O-B stretching in three-coordinated boron[endnoteRef:9]. [9: 	E.I. Kamitsos, A.P. Patsis, M.A. Karakassides, G.D. Chryssikos Infrared reflectance spectra of lithium borate glasses. J. Non Cryst. Solids 126 (1990) 52-67. https://doi.org/10.1016/0022-3093(90)91023-K] 


Raman spectroscopy is often helpful in evaluating structural information of the complex glass matrix. In this particular study of arsenic immobilization, the structural unit of the glass matrix was examined with Raman spectral analysis shown in Fig. 9 for conventional and MW melted glasses with 5 and 10% AsCS loading. Few critical observations have been revealed through this study. First, the structural depolymerization effect is clear enough in both systems from 5 to 10% AsCS loading. The intensification of Q2Si band at the expense of the Q3Si band establishes the structural reorganization of the glass matrix to host the AsCS constituent modifier ions. But, interestingly, this structural depolymerization effect is not reflected in the Tg profile of both systems. Usually, the glass network depolymerization effect is associated with the thermal property of the glass sample with a substantial lowering of Tg and a gradual increment of CTE value. Here, both the property follow the opposite trend. Thus, the major guiding factor preventing the decrease of Tg is the formation of Fe3+-O bond formation which has a weakly bridging nature under the presence of predominant tetrahedral coordination interconnecting the silicate network [endnoteRef:10]. Second, A peak at 632 cm-1 is denoted for borosilicate ring vibration[endnoteRef:11] where essentially boron is four coordinated (B4). Hence, the incorporation of B4 within the silicate network is justified. [10:       B. Cochain, D. R. Neuville, G. S. Henderson, C. A. McCammon, O. Pinet, P. Richet Effect of the iron content and redox state on the structure of sodium borosilicate glasses: A Raman, Mossbauer and Boron K-edge XANES spectroscopy study J. Am. Ceram. Soc. 95 (2012) [3] 962-971. DOI: 10.1111/j.1551-2916.2011.05020.x 
]  [11:       D. Manara, A. Grandjean, D. R. Neuville Advances in understanding the structure of borosilicate glasses: A Raman spectroscopy study Am. Mineral. 94 (2009) 777-784. ] 
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Fig. S5 Deconvoluted Raman spectra in 830-1280 cm-1 region for the AsCS incorporated glasses: Conventionally melted (a) G1: 5% AsCS (b) G2: 10% AsCS; MW melted (c) M1: 5% AsCS (d) M2: 10% AsCS
Table S1. Percentage of total area occupied by each QnSi unit (n = 1-4) 
	Sample ID
	Q1Si (%)
	Q2Si (%)
	Q3Si (%)
	Q4Si (%)

	G1
	1.1765
	50.1235
	35.3875
	13.3124

	G2
	2.4125
	57.6942
	16.5255
	23.3677

	M1
	1.6148
	52.1457
	24.1074
	22.1318

	M2
	2.1951
	41.9182
	49.8651
	6.0214



The deconvoluted Raman bands presented in Fig. 10 depict the changes in silicate network connectivity upon adding AsCS from 5 to 10 wt%. For G1 and G2 (with fixed SiO2 and B2O3 content ) the incorporation of AsCS is an increment of the Q2 band and Q4 band at the expense of Q3. The corresponding values of the percent area occupied by the bands have been listed in Table 3. Further, it should be noted that the Q2 band around 980 cm-1 is also due to the contribution of Fe3+ in FeO4 tetrahedra [endnoteRef:12],[endnoteRef:13]. Thus, the increment of the Q2si band is not simply the depolymerization effect of Q3Si; the involvement of FeO4 is also influencing. This phenomenon to some extent supports the thermal property observations. Interestingly, the relative population of Q2Si and Q4Si are found more in M1 having less Fe2+ (Fig. 5b) than in G1 with identical batch composition. This is also reflected in relatively higher Tg for M1 with respect to G1. Therefore, the incorporation of Fe3+ in borosilicate structure is supported by these observations.   [12:       B. Cochain, D. R. Neuville, G. S. Henderson, C. A. McCammon, O. Pinet, P. Richet Effect of the iron content and redox state on the structure of sodium borosilicate glasses: A Raman, Mossbauer and Boron K-edge XANES spectroscopy study J. Am. Ceram. Soc. 95 (2012) [3] 962-971. DOI: 10.1111/j.1551-2916.2011.05020.x ]  [13:        M. T. Nayak, J. A. Erwin Desa Roles of iron and lithium in silicate glasses by Raman spectroscopy J. Raman Spectrosc. 2018, 1-7. DOI: 10.1002/jrs.5397 ] 

Leaching analysis
The leaching analysis was initially carried out with a G1 sample slit at an elevated temperature due to its potential application in green colour glass formation. Fig. 8 depicts the difference in optical absorption property of the sample (G1) before and after 42 days of immersion of deionized water with a subsequent thermal cycle as stated in section 2 (Materials and methods). The leaching rate was determined from the sample and found to be 7.47*10-7g.cm-2.h-1. In the period of continuous thermal cycle, the leachate analysis after 14 and 28 days reveals a trace amount of 0.016 and 0.019 ppm of Fe leached out (estimated by colorimetric method) from the G1 glass slit; whereas, arsenic remained undetected in commercial Merck test kit(detection limit 10 ppb). In this context, a similar study focusing on the detailed analysis of the chemical durability of iron-containing sodium borosilicate glass can be found elsewhere[endnoteRef:14]. [14: 	M. Konon, T. Antropova, N. Zolotov, T. Simonenko, N. Simonenko, E. Brazovskaya, V. Kreisberg, I. Polyakova Chemical durability of the iron-containing sodium borosilicate glasses J. Non Cryst. Solids 584 (2022) 121519. https://doi.org/10.1016/j.jnoncrysol.2022.121519


[1] J. van der Geer, J.A.J. Hanraads, R.A. Lupton, The art of writing a scientific article, J. Sci. Commun. 163 (2010) 51–59. https://doi.org/10.1016/j.Sc.2010.00372.] 


The UV-Vis-NIR absorption spectrum was recorded to elucidate any further variation of the Fe[II] absorption and visible transmission variation as a result of the thermal cycle in the leaching experiment. The result is consistent with the leaching analysis data. The visible transmission region overlaps each other, the NIR absorption decreases slightly (highlighted in Fig. 11). This might be the consequence of a lower amount of iron detected in the leaching analysis.
However, a leaching analysis with a higher AsCS-containing sample was essential to investigate the target of this work for the safe incorporation of AsCS into the borosilicate matrix. In order to study this, the G2 and G3 glass having 10 and 20 wt% AsCS content were chosen for the leaching analysis test. The respective leaching rate and the total exposed surface area of the glass particles of G2 and G3 were duly calculated and listed in Table 4. 
Table S2. The weight loss and the consequent leaching rate of G2 and G3 glasses: 


	
	G3: SBNCZ_AsCS 20

	Duration(days)
	Weight Loss(g)
	Total surface area (cm2)
	Leaching rate( g/cm2.day)

	14
	0.0005
	79.1236
	4.51*10-7

	44
	0.0014
	79.0288
	4.02*10-7

	107
	0.0049
	79.0406
	5.79*10-7

	199
	0.0077
	78.9735
	4.89*10-7



G2 and G3 produce any detectable amount of leaching of arsenic in the leached solution examined by commercial mark testing kit for arsenic, except G3(199) where 5 ppb of As has been recorded. This ensures that the targeted batch composition, more significantly the choice of borosilicate matrix is one of the best ways to incorporate arsenic safely. The irregular trend in weight loss for G2 samples might appear due to the different particle shapes of the glass sample. 
Finally, the G3 and higher arsenic content G5 samples were subsequently analyzed by ICP-MS to verify the fact that the toxic iron and arsenic were trapped in the glass matrix. The results are tabulated below in Table 5.

[bookmark: _GoBack]
These data further confirm that arsenic and iron in the toxic AsCS are successfully immobilized into the borosilicate glass matrix.
Now, unlike conventional resistive heating, MW heating is a rapid processing technique where the heating rate is very fast with minimum consumption of power. Iron can be reduced from Fe(III) to  Fe[II] state at higher temperatures under molten conditions during glass melting. Due to the shorter processing time in MW melting, it wouldn’t get sufficient time to shift the equilibrium from ferric state to ferrous, and hence, it ends up with a lower amount of Fe[II] content than conventional glass with identical batch components. Performing controlled sintering helps decompose the boric acid and the carbonated raw material into its oxide glass components to melt at a relatively higher temperature. A lower proportion of Fe[II] content is reflected in the UV-Vis-NIR absorption spectrum of G1(sintered sample). Now, in the case of an unsintered batch-producing G1 sample with a substantial amount of Fe[II] content, we can establish the Fe-redox equilibrium right from the batch charging time. Here, the batch material containing H3BO3 decomposes into B2O3 and H2O, and the carbonated materials after decomposition generate CO2 along with the corresponding oxides. A similar observation was also obtained when 5wt% AsCS-loaded glass was prepared in MW heating without batch sintering. Relatively more Fe[II] content is noticed this time. However, it is not as significant as in the case of conventional heating, but it still generates a similar trend. 
Three consecutive melting in MW heating with M1 batch composition successfully establish that the sludge sintering has no significant effect on Fe-redox ratio. Rather, the refining role of H3BO3 and carbonates to establish liquid state at a much lower temperature than the corresponding melting temperature of the composition, which actually helps to form more Fe-redox ratio (Fe2+/ΣFe). 
Finally, Fig. 3(II & III) portrays some larger dimensions of glasses with 3 and 5 wt% AsCS content to show the feasibility of making green colour glasses utilizing toxic AsCS in a chemically more durable glass matrix.

5. Conclusion
A borosilicate glass composition has been identified to incorporate As-containing sludge from contaminated groundwater safely. Upon systematic compositional modification, up to 25 wt% AsCS could be incorporated within the borosilicate glassy phase. However, colour glass articles could be fabricated incorporating <5 wt% AsCS, maintaining the visible transparency. After incorporating AsCS, the characteristic thermal properties (Tg, Td) were not degraded to a greater extent. Additionally, the lowering CTE trend in a broad temperature range of 50-400 °C with a gradual increase of AsCS was found suitable for the practical use of these colour glasses. 5% sludge-loaded glass at elevated temperature with a thermal cycle (75 °C: 8h/day) produces minimum leaching of toxic As and Fe. Furthermore, the 10% and 20% sludge-loaded glass particles at room temperature up to 199 days of immersion in distilled water show no leaching of toxic arsenic, and a 5 ppb of As detection only in the 20% sludge sample for 199 days is quite negligible, thereby indicating the effective immobilization methodology for arsenic contaminated sludge.      
MW heating is found to be suitable for immobilizing toxic AsCS in borosilicate glass in an energy-efficient way with the improved visible transmission. It is a novel addition to the MW heating technique for sludge management purposes. Further, it is also established that the colour of the glass matrix can be tuned from green to yellow using an alternative novel microwave heating. The correlating factor behind this observation is the Fe2+ absorption (maxima at 1000 nm) in the octahedral field as revealed in the UV-Vis-NIR absorption spectra.
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