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Supporting Information includes: CrVI nanowaste from chlorate industry; 
Selection of mineralizer; Summary of phase transformation; SEM of the sample 
at the beginning period of reaction; Settleability tests; Industrial application - 
Pilotscale tests.  

1. Environmental problem - CrVI containing nanowaste from chlorate 
industry 

 
Figure S1: a) Viscoidal nanowaste containing CrVI, b) 20nm Mg(OH)2 contained nanowaste 
is very difficult to precipitate in the sink.  

Pollution of CrVI bearing nanowaste from chlorate industry is a severe problem. The solid 
waste of chlorate plant was generated from the settling tank of electrolyte solution, where 
NaOH and Na2CO3 were introduced to remove the Mg2+, Ca2+ impurities from NaCl raw 
material. The precipitates are viscoidal and mushy, containing nanoscaled Mg(OH)2 and 
CaCO3, as well as a large amount of carcinogen chromate.   

A general method is to reduce the soluble and high toxic CrVI into the less mobile and less 
toxic CrIII. Then the solid residues containing CrIII are dumped as landfill, sintered with coal 
ash and red mud, or vitrified.  The disadvantage for these methods may include: rare 
industrial resource - chromium element are not reclaimed, heavy metal poisoning may retain 
by the continuous accumulation of CrIII in soil and food chain, and the CrIII compound may 
re-oxidize into highly toxic CrVI compound slowly.  

2. Laboratory batch tests 

1) Selection of mineralizer 
 

Table S1. Results of 9 mineralizers for the treatment of CrVI-containing nanowaste for 24 h at 
180°C. 

Hydrothermal 
solution 

Main phases of solid 
product and calculated 

size from XRD (nm)

Concentration of 
CrVI in 

supernatant liquid 
(mg/L) 

Total Cr of 
solid  

product 
(mg/kg) 

Removal 
Efficiency 

(%) 

Post leaching  
test: leached 

CrVI from solid 
product (mg/L)

Distilled water Mg(OH)2 21nm 104 855.05 58.25 79.65 

 CaCO3 118nm     

NaCl (2mol/L) Mg(OH)2 23nm 93 852.30 58.38 77.67 

 CaCO3 29nm     

Na2SO4 (2mol/L) Mg(OH)2 22nm 122 661.99 67.68 53.92 

 CaCO3 133nm     



KCl (2mol/L) Mg(OH)2 20nm 117 716.40 65.02 60.31 

 CaCO3 26nm     

Na2CO3 (2mol/L) Mg(OH)2 20nm 157 519.59 74.63 47.62 

 CaCO3 120nm     

Mg(OH)2 20nm 169 432.33 78.89 32.84 NaOH+Na2CO3 

(1+1mol/L) CaCO3 123nm     

NaOH (2mol/L) Mg(OH)2 23nm 174 424.60 79.27 29.98 

 CaCO3 135nm     

Na2Mg(CO3)2 326nm 193 13.34 99.36 0.042 Na2CO3+NaHCO3 

(0.5+1.5mol/L) CaCO3 142nm     

NaHCO3 (2mol/L) Na2Mg(CO3)2 132nm 190 14.94 99.28 0.051 

 CaMg(CO3)2 350nm     

 CaCO3 137nm     

The extraction procedure for leaching CrVI was conducted at a w/v ratio of 1:10. 
The average size of nanomaterial was calculated from Scherrer equation analysis from XRD peak 
broadening. 

 
Table S1 provides the effects of various mineralizers on the removal of CrVI. After treated 

in distilled water, NaCl, KCl, and Na2SO4, respectively, both the concentration of CrVI in the 
supernatant liquid and the efficiency of CrVI removal were quite low. The main phases of the 
solid product and their calculated size were the same as those of initial nanowaste. However, 
when the hydrothermal solution contained NaHCO3 or Na2CO3+NaHCO3, the results were 
completely different. The main reactions were as follows:  

2 3 2 3 2 2

2 3 3 3 2 2 3 2

Mg(OH) +2NaHCO =Na Mg(CO ) +2H O                                      (1)
Mg(OH) +CaCO +2NaHCO =CaMg(CO ) +Na CO +2H O           (2)

 

When the mineralizer contained NaHCO3 only, the main products were Na2Mg(CO3)2 and 
CaMg(CO3)2, while the mineralizer was a mixture of Na2CO3 and NaHCO3, the main product 
was Na2Mg(CO3)2, because the occurrence of Na2CO3 can limit reaction (2).  

 
2) Summary of phase transformation 

 

Figure S2. Main phase transformation during hydrothermal coarsening H: Hydromagnesite 
(Mg5(CO3)4(OH)2·4H2O), E: Eitelite (Na2Mg(CO3)2). 
 
3) SEM of the sample at the beginning period of reaction 



 

Figure S3. Initial fine structures of Mg5(CO3)4(OH)2·4H2O micro-spherical assemblies (The 
sample was coarsened in mineralizer A for 30 minutes at 40°C.) 

Initially, each Mg5(CO3)4(OH)2•4H2O microsphere was patched up by small nanodiscs with 
size and morphology similar to that of Mg(OH)2. With the increase of coarsening time, these 
small nanodiscs inosculated together so that Mg5(CO3)4(OH)2•4H2O microsphere appeared as 
lamellar assemblies. Based on these observations, we proposed that mineralizer A can not 
only transform Mg(OH)2 nanodisc into Mg5(CO3)4(OH)2•4H2O nanodisc directly, but also 
enhance the degree of aggregation, thus microspheres with lamellar fine structures were 
formed.  
 
4) Settleability tests  

 

 
Figure S4. The comparison of the settleability of three typical samples: 1) Untreated sample, 
2) After coarsening treatment in A solution at 40  for 4 hours℃ , 3) After coarsening treatment 
in A solution at 180  for 24 hours. Settleability ℃ test condition: the solid/liquid ratio is 
1.5g/15mL, the mixtures were stirred to uniform distribution. The down positions of the  
precipitates were recorded in time. 

It reveals that with the completion of step I (Mg(OH)2  Mg5(CO3)4(OH)2•4H2O), the 



separation of CrVI solution with Mg5(CO3)4(OH)2•4H2O microspheres was still very 
inefficient. After fast crystal growth in step II (Mg5(CO3)4(OH)2•4H2O  Na2Mg(CO3)2 ), the 
settling velocity of the solid production was clearly enhanced, and the effect of separation of 
supernatant liquid was also greatly improved.  
 

3. Pilotscale tests  

1) Optimization of treating conditions 
Two series of experiments were carried out to optimize the conditions of treatment, such as 

w/v, concentration of solution, temperature and time (Table S2, Table S3).  
 

Table S2. The effects of w/v ratio and concentration on the removal of CrVI. 

W/V Ratio 1:3  1:5 1:10 
Weight of nanowaste (g) 3.17  1.98 1.97 1.99 2.01 1.03 0.99 1.01 
Volume of solution (mL) 10  10 10 10 10 10 10 10 
Concentration of Na2CO3 (M) 0.5  0 0.5 0.5 0.5 0 0.5 1 
Concentration of NaHCO3 (M) 8  3 2 3 4 2 1.5 1 
Total Cr of residue (mg/kg) 84.21  20.24 23.06 18.64 21.92 14.72 17.58 41.89
Efficiency of removal (%) 95.96  99.01 98.89 99.09 98.95 99.3 99.16 97.99
Leaching CrVI (mg/L) 0.940  0.098 0.113 0.085 0.102 0.065 0.081 0.407

 

Table S3. The effects of coarsening temperature and time. 

Temperature (°C) 100  120  180 
Time (h) 24 2 4 8 24  4 8 
Total Cr of residue (mg/kg) 137.42 162.41 30.62 26.010 27.44  26.63 21.30 
Removal Efficiency (%) 93.29 92.07 98.50 98.73 98.66  98.70 98.96 
Leaching CrVI (mg/L) 4.854 5.936 0.157 0.128 0.140  0.131 0.102 

As presented in Table S2, each of the samples was coarsened for 24 hours at 180°C.When 
the w/v ratio was 1:3, Na2CO3 and NaHCO3 were not able to dissolve completely. When the 
w/v was 1:10, although the efficiency of removal was better than that of w/v=1:5, considering 
the industrial cost, the best w/v ratio was set to be 1:5, and the appropriate concentration was 
Na2CO3 0～0.5M, NaHCO3 2～3M. 

Accordingly, Table S3 provides the effects of coarsening temperature and time. Mixtures of 
1 kilogram initial nanowaste and 2.5 L of hydrothermal solution were suspended in an 
autoclave of 5L capacity and coarsened for different amounts of time at 100°C, 120°C, and 
180°C. As shown, the best coarsen temperature was at 120°C and the most appropriate time 
was 4 h. 
 
2) Pilotscale treatment of the nanowaste in chlorate plant 
 

Table S4. Results of pilotscale treatment in plant. 



Batch NO. 1 2 3 

Moisture content of initial nanowaste (%) 44.8 42.7 47.3 
Total Cr in initial nanowaste(mg/kg) 2500 2280 2300 
Concentration of CrVI  (mg/L) 1280 1173 1256 
Total Cr in solid production (mg/kg) 72.2 93.71 56.92 
Removal efficiency (%) 97.11 95.89 97.53 
Extracted CrVI from solid product 0.71 1.06 0.58 

 
Pilotscale tests (Table S4) were carried out with 1 tonne of CrVI-containing nanowaste. One 

tonne of initial nanowaste was mixed with 500 kilogram of NaHCO3 and 2 tonnes of water 
(NaHCO3, 2.3-2.5M). The mixture was stirred in a tank, and then transferred into an autoclave 
of 5,000 L and treated at 120°C for 4 hours. After that, the autoclave was cooled down to 
room temperature. The supernatant liquid was thereafter stored in a tank for recycle, the solid 
product was washed and filtrated for 3 times and then dried for latter utilization. More than 
97% of CrVI was effectively removed after these treatments. The concentration of CrVI in the 
supernatant liquid was more than 1200 mg/L. Moreover, the leachate of CrVI from solid 
products was below that of the contamination standard set for solid chromium wastes 
HJ-T298-2007 (1.5 mg/L). We believe with more optimization of the treating conditions in 
industry, it is feasible for the extracted CrVI of solid production to be less than 0.5 mg/L.  

At the end of the process, the supernatant liquid was mainly composed of NaCl, Na2CO3, 
and excess NaHCO3. This CrVI-containing supernatant liquid can be recycle into the chlorate 
production process. Na2CO3 and NaHCO3 can be converted into electrolyte components by 
chemical adjustment as follows: 

 NaHCO3 + HCl = NaCl + CO2 + H2O  
On the other hand, the detoxified solid product, which mainly consists of micrometer sized 

Na2Mg(CO3)2 and 100 nm CaCO3, can be widely used for its fine size, good stability and 
simple compositions. Particularly, these microcrystals can replace some expensive additives 
(such as Mg(OH)2 or CaCO3 nanomaterials), and find application in flame retardant 
engineering plastic and lubricant productions et al.  


