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Highlights
· Precipitation of molybdenum disulphide nanoparticles has been investigated in semi-batch and turbulent micromixers
· Particles size distribution has been evaluated in terms of precipitation kinetics
1. Introduction
One of the promising ways to obtain molybdenum disulfide for special purposes such as catalyst, lubricant additives [1] or semiconductors is wet chemical synthesis using ammonium heptamolybdate and ammonium sulfide [2]. In such a process, one can produce an amorphous product of molybdenum disulphide containing sulfa. Further recrystallization and purification by heat treatment can be used to improve product crystallographic properties. Obtained product due to its high surface area can be much more valuable than natural origin. 
For advanced applications such as catalyst high quality and purity is crucial. Synthesis carried out in turbulent micromixers allows to control the process and make it continuously. In this work, authors focused on precipitation kinetics in turbulent micromixers and semi-batch system.
2. Methods
Synthesis of molybdenum disulphide nanoparticles was carried out in the turbulent micromixers with coaxial and tangential geometry and also in the semi-batch system shown in Fig. 1. Ammonium molybdate tetrahydrate (NH4)6Mo7O24∙4H2O (HMA), citric acid C6H8O7 (CA), and ammonium sulphide (NH4)2S (AS) were used as substrates of the reaction [3]. Firstly, ammonium molybdate tetrahydrate and citric acid were dissolved at 90°C and mixed for at least 30 minutes with Mo:CA ratio of 1:2. This ratio was found best for the synthesis during previous tests in a batch procedure, due to the high selectivity of the reaction (up to 60% of MoS2) and absence of sulphonic groups detected in obtained particles. Just before reaction, both prepared solutions were filtrated using 220 nm filters.
Produced particles were measured using LS Beckman&Coulter LS 13 320 analyzer, which uses PIDS – polarization intensity light scattering and LD – laser diffraction. Obtained particle size distribution was analyzed and used to calculate possible kinetics of the precipitation.
SEM imaging was also performed to determined particles agglomeration and morphology.
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Figure 1.  Turbulent micromixers (a) and semi-batch system (b) used in experiments
3. Results and discussion
The volume-weighted mean particle size D43 of obtained particles and an example of particle size distribution were shown in Fig. 2. Only the primary particles were taken into account. On Fig. 2. One can see that the average size is close to 200 nm regardless of flow and reactor type.

Figure 2.  Mean particle sizes of particles (left). Example of particles size distribution obtained (right)
4. Conclusions
Molybdenum disulphide can be obtained by wet chemical synthesis in the turbulent micromixers. However, it is highly contaminated with sulpha and unreacted substrates. Due to contamination, it is not possible to use produced molybdenum disulphide directly after the reaction. Therefore, proper separation techniques have to be developed.
Mixing conditions appears to have a small impact on product size in the applications. The initial concentration and Reynolds number impact on precipitation process have not been observed.
Acknowledgements
This work was supported by the National Science Centre [No.2017/27/B/ST8/01382]
References
[1] M.F. Sgroi, M. Asti, F. Gili, F.A. Deorsola, S. Bensaid, D. Fino, G. Kraft, I. Garcia, F. Dassenoy, Engine bench and road testing of an engine oil containing MoS2 particles as nano-additive for friction reduction, Tribol. Int. 105 (2017).
[2] F.A. Deorsola, N. Russo, G.A. Blengini, D. Fino, Synthesis, characterization and environmental assessment of nanosized MoS 2 particles for lubricants applications, Chem. Eng. J. 195–196 (2012).
[3] G. Santillo, F.A. Deorsola, S. Bensaid, N. Russo, D. Fino, MoS2 nanoparticle precipitation in turbulent micromixers, Chem. Eng. J. 207–208 (2012).
V type reactor Re=332	2.1132814396452675E-3	3.1132814396452671E-3	4.1132814396452671E-3	5.1132814396452671E-3	8.1132814396452663E-3	2.1132814396452675E-3	3.1132814396452671E-3	4.1132814396452671E-3	5.1132814396452671E-3	8.1132814396452663E-3	5.5293542545458091E-3	1.5678833850954605E-2	8.5412135445857053E-3	1.2608409638786839E-2	1.4882757428996843E-2	5.5293542545458091E-3	1.5678833850954605E-2	8.5412135445857053E-3	1.2608409638786839E-2	1.4882757428996843E-2	0.2	0.3	0.4	0.5	0.8	0.17192037571558624	0.21215538944048484	0.22691442965528358	0.2303343820576754	0.20891585670524659	V type reactor Re=832	2.1132814396452675E-3	3.1132814396452671E-3	4.1132814396452671E-3	5.1132814396452671E-3	8.1132814396452663E-3	2.1132814396452675E-3	3.1132814396452671E-3	4.1132814396452671E-3	5.1132814396452671E-3	8.1132814396452663E-3	4.6799049349453357E-2	3.0519344067024543E-3	1.5557552115249338E-2	5.3175671143868208E-3	6.9039338426830042E-3	4.6799049349453357E-2	3.0519344067024543E-3	1.5557552115249338E-2	5.3175671143868208E-3	6.9039338426830042E-3	0.2	0.3	0.4	0.5	0.8	0.21349909998757038	0.19753561471836664	0.23225134246958495	0.198840295024174	0.17421993033324859	Semi-Batch system	2.1132814396452675E-3	3.1132814396452671E-3	4.1132814396452671E-3	5.1132814396452671E-3	2.1132814396452675E-3	3.1132814396452671E-3	4.1132814396452671E-3	5.1132814396452671E-3	7.732298247270313E-3	7.0000476455831212E-2	1.8583841479569152E-8	8.5739794758691174E-3	7.732298247270313E-3	7.0000476455831212E-2	1.8583841479569152E-8	8.5739794758691174E-3	0.2	0.3	0.4	0.5	0.19907480410799602	0.21553026303007575	0.1941907219041562	0.20300266314436011	Molybdenum concentration [mol/dm3]


Mean particle size D43 [µm]




Average - Volume distribution - semi-batch system 

1.7993200000000001E-2	2.0015600000000001E-2	2.2265299999999998E-2	2.4767899999999999E-2	2.7551800000000001E-2	3.0648499999999999E-2	3.4093400000000003E-2	3.7925399999999998E-2	4.1909700000000001E-2	4.6006900000000003E-2	5.0504599999999997E-2	5.5441999999999998E-2	6.0862199999999998E-2	6.6812300000000005E-2	7.3344000000000006E-2	8.0514199999999994E-2	8.8385500000000006E-2	9.7026100000000004E-2	0.106512	0.116925	0.128355	0.140904	0.15467900000000001	0.16980100000000001	0.18640100000000001	0.204624	0.224629	0.246589	0.27069599999999999	0.29715900000000001	0.32621	0.358101	0.39311000000000001	0.43154199999999998	0.47373100000000001	0.52004399999999995	0.57088499999999998	0.62669600000000003	0.68796299999999999	0.75522	0.82905200000000001	0.91010199999999997	0.99907400000000002	1.0967499999999999	1.20397	1.3216699999999999	1.4508799999999999	1.5927199999999999	1.7484299999999999	1.91936	2.1070099999999998	2.3129900000000001	2.53911	2.7873399999999999	3.0598399999999999	3.3589799999999999	3.68736	4.0478500000000004	4.4435799999999999	4.8779899999999996	5.35487	5.8783799999999999	6.4530599999999998	7.08392	7.7764699999999998	8.5367099999999994	9.3712900000000001	1.102875	1.112932	1.123972	13.6092	14.9396	16.400200000000002	18.003499999999999	19.7636	21.695699999999999	23.816700000000001	26.145199999999999	28.7012	31.507100000000001	34.587299999999999	37.968600000000002	41.680500000000002	45.755299999999998	50.228400000000001	55.1389	60.529400000000003	66.446899999999999	72.942899999999995	80.073999999999998	87.902199999999993	96.495900000000006	105.93	116.286	127.654	140.13399999999999	153.833	168.87200000000001	185.38200000000001	203.505	223.4	245.24	269.21499999999997	295.53500000000003	324.42700000000002	356.14400000000001	390.96100000000001	429.18200000000002	471.14	517.20000000000005	567.76300000000003	623.26900000000001	684.20100000000002	751.09100000000001	824.51900000000001	905.12599999999998	993.61300000000006	1090.75	1197.3900000000001	1314.45	1442.95	1584.02	1738.87	1908.87	0	0	0	0	0	0	0	0	0	0	0	0	4.2857142857142859E-3	8.9285714285714288E-2	0.46785714285714286	1.3521428571428571	2.604285714285715	3.456428571428571	3.4028571428571426	3.2764285714285712	3.3557142857142854	3.4957142857142856	3.8328571428571427	4.515714285714286	6.0657142857142858	7.6792857142857125	7.8792857142857153	6.8621428571428567	4.5378571428571437	2.5050000000000003	1.3635714285714287	0.60499999999999987	0.24142857142857146	0.18214285714285716	0.2492857142857143	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	Dimension d [µm]


Concentration %



image2.png
a) b)

HMA+CA Inlet (din=1,45 mm)
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