
INTRODUCTION

With development in the new strategies for nanomaterials

synthesis, characterization techniques and owing to their

impressive physical, chemical and catalytic properties, nano-

materials have gained significant importance in the past two

decades. Materials with dimensions in the range of 1-100 nm

(nanomaterials) are significantly different from bulk materials1.

As materials reach nanoscale dimensions, they turn to those

with attracting properties such as finite size effects and surface

or interface effects. Size-dependent properties of the nano-

particles are very striking and are different from that of bulk

materials.

Nanomaterials include nanocrystals and clusters, nanowires,

nanotubes, nanoporous solids, 2-Dimensional arrays and 3-

dimensional structures. Namomaterials might be metals,

semiconductors, magnetic materials, ceramic oxides, carbon,

zeolites, chalcogenides, etc.1.

Among the various types of nanomaterials, transition metal

oxides are widely used for preparation of nanofluids2-5 and

sensing layers6-8. Zinc oxide stands as a good exemplar. Zinc

oxide is a wide band gap semiconductor. The crystalline Wurzite

structure of the ZnO nanoparticles renders it to be used in

various applications. Zinc oxide nanoparticles offers various

benefits due to its extensive range of properties and are pre-

sently used in food additives, rubber manufacture9, biosensors,

solar cell10, gas sensors11, textiles12, photodiodes, photocata-

lysis13, solar cells14, cement manufacture15, food packaging16,

coatings17 and antimicrobials18.
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volumes had hexagonal Wurtzite structure with a similar crystallite size. The yield of ZnO nanoparticles increased linearly with batch

volume. The scale up results in increased yield at lower time consumption.
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Synthesis of ZnO nanoparticles as well as other nanopar-

ticles are interesting research area of researchers. Zinc oxide

nanoparticles have been synthesized by various methods like

chemical precipitation method19-21, hydrothermal and solvo-

thermal methods14,22, in structured medium, vapour phase

reactions23,24, synthesis in structured medium25. Vapour depo-

sition method has been developed to synthesize complex struc-

tured nanoparticles like flower-like and web-like agglomerates

which require multiple steps, sophisticated equipment and high

temperature for obtaining the final nanostructure.

Due to high requirement of ZnO nanoparticles in the

applied nanotechnology, there is need for synthesis procedures

giving high yields. However, most of the synthesis procedures

are often time consuming and results in lesser yields. Hence,

it is essential to scale up the synthesis procedure, which should

also be cost effective. Large-scale preparation of nanoparticles

is challenging. The parameters used in primary scale have to

be modulated as per the requirements for large scale without

compromising the quality of nanoparticles. However, in higher

scales, it is difficult to maintain the changes26. Spray route,

gas condensation method27, esterification28 are usually adopted

methods for synthesis scale up.

For scaling up a synthesis procedure, a process with maxi-

mum control should be selected in order to avoid scale up

loss. Criteria for selection of a procedure for scale up includes

less time consumption, higher yield and relatively easier

control. Besides involving simple steps, chemical precipitation

method also gives high yield and stands as the best method in

a commercial perspective.
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In this report, ZnO nanoparticles were synthesized at

relatively large scale using room temperature chemical

precipitation method. Zinc nitrate hexahydrate and ammonium

carbonate were used for synthesis of ZnO nanoparticles and

the precipitation reaction was thermodynamically favorable

at room temperature. Hence, there is no need for control of

temperature and the challenge in controlling the reaction

temperature is avoided. Moreover, precipitation method yields

large volume of nanoparticles compared to other synthesis

methods. Separation of nanoparticles from the reaction

medium is also relatively easier. The synthesis method has its

own advantages, such as low-processing cost, high quality,

isothermal & ambient temperature reaction, less time

consumption and high yield, hence making it selective for the

up scaling of a synthesis. In the present study, step-wise scale

up of synthesis of ZnO has been performed with the yield at

the highest scale, about 25 times greater than that obtained at

the lowest scale.

EXPERIMENTAL

Zinc nitrate hexahydrate, ammonium carbonate and

methanol were purchased from Merck (India), Fisher Scientific

(India) and Loba Chemie (India), respectively. Deionized water

was used for the experiments.

Nanoparticle synthesis: Synthesis procedure elaborated

elsewhere19,29-31 was adopted for scaling up. Zinc oxide nano-

particles were synthesized by the room temperature chemical

precipitation method in which zinc nitrate hexahydrate has

been used as the precursor. Equimolar solutions of ammonium

carbonate and zinc nitrate hexahydrate were prepared. Zinc

nitrate solution was added to ammonium carbonate in drop

wise under continuous stirring. The precipitate was filtered

and then washed with water for several times and then with

methanol. The sample was dried at 80°C for 5 h. The dried

powder was calcined19,29-31 at 550 °C for 2 h.

Nanoparticle synthesis scale-up: Nanoparticle synthesis

scale-up was carried out from 200 mL scale to 5 L scale. ZnO

nanoparticles were synthesized in various batch volumes of

200 to 500 mL, 1, 2 and 5 L in a baffled, cylindrical batch

reactor. The precursor solution was added dropwise to the

ammonium carbonate solution under continuous stirring.

Overhead mechanical stirrers were used for obtaining the

continuous mixing. Volume of precursor solution to be added

to ammonium carbonate solution was calculated using stoichio-

metric ratio. Care was taken to ensure constant flow rate of

precursor solution and thorough mixing of reactants. The

precipitate was further processed as explained above to obtain

ZnO nanoparticles.

Electron microscopy: Morphological characterization of

synthesized powder obtained from each scaling was performed

using the cold Field Emission Scanning Electron Microscope

(JSM 6701F, JOEL, Japan). The accelerating voltage was 3

kV. The powder samples were sputter coated with gold and

mounted on a brass stub, which was then loaded into the sample

chamber and imaged.

X-ray diffraction: It is essential to study the crystalline

nature of ZnO nanoparticles owing to the importance of crysta-

llinity of nanoparticles in various applications. X-ray diffrac-

tometer (D8 Focus, Bruker, Germany) was used to analyze

the crystalline nature of the particles obtained from different

scale up volumes with CuKα X-ray. Analysis was performed

over a 2 theta range of 10-60° with a step size of 0.01°. Morpho-

logical and crystalline natures of the nanoparticles obtained

from different scale up volumes were characterized to study the

influence of scale (reaction volume) on particle morphology.

RESULTS AND DISCUSSION

Nanoparticle synthesis scale-up: The main aim of this

work was to scale up the batch volume for synthesis from 200

mL to 5 L. Synthesis was also carried out at intermediate batch

volumes 500 mL, 1 and 2 L to ascertain the correlation between

batch volumes.

Time consumed for precursor addition for different batch

volumes was compared with that required for 200 mL batches

(Fig. 1). About 4 h was required for precursor addition in

200 mL batch volume. The scaling up was done to 25 times.

It can be estimated that time required for precursor addition to

synthesize ZnO nanoparticles in reaction volume of 5 L would

be about 100 h, considering that the precursor addition time

for 200 mL batch was 4 h. However, in the scaling up proce-

dure, time taken for 5 L batch was 11 h only. For the interme-

diate scales of reaction volumes (500 mL to 2 L), similar

reduction in precursor addition time was observed.
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Fig. 1. Time requirement for synthesis scale-up and comparison between

expected time and actual time for each scale

Fig. 2 shows that yield of ZnO nanoparticles linearly

increased from 200 mL batch to 5 L batch. Linear increase in

yield with batch volume indicates that there is no scale up loss

and the synthesis procedure has been effectively scaled up.

Yield from 200 mL batch was 1.304 g. and that of from 5L

batch was 35.586 g. Thus from a single batch, 30-35 g of ZnO

nanoparticles can be synthesized with precursor addition time

of 11 h.

Morphology: Scanning electron micrographs of synthe-

sized nanoparticles shown in Fig. 3 reveal that the particles

were of well defined spherical morphology and were present

in the form of aggregates.

The uniform spherical morphology of the nanoparticles

is preferable for various applications. Morphology of the

nanoparticles was found to be uniform irrespective of scale
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Fig. 2. Yield obtained per scaling of the synthesis scale-up
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Fig. 3. (a-d) Scanning electron micrographs of ZnO nanoparticles

synthesized at scale-up volumes of 200 mL, 500 mL, 2 L, 5 L at

magnification of 50,000

up batch volumes. Particles of size range 20-40 nm can be

seen in scanning electron micrographs of all scale up volumes.

By using room temperature chemical precipitation method, it

was possible to maintain the nanostructure of the particle even

at larger scales. However, at larger scales (2 L, 5 L), a small

fraction of larger size particles can be seen which might be

due to the improper mixing of the reactants in certain areas of

the reactor vessel. This shows that reactants should be mixed

still more effectively in order to avoid the formation of larger

size particles.

X-ray diffractometry: X-ray diffraction spectra of ZnO

nanoparticles synthesized at different batch volumes are shown

in Fig. 4. XRD spectra shows that ZnO nanoparticles synthe-

sized at various batch volumes were highly crystalline. XRD

spectra of nanopowders of all batch volumes match with the

PCPDFWIN no. 89-1397 and are of hexagonal Wurtzite phase.

Crystallite sizes of the nanoparticles were calculated using

Scherrer formula and were found to be similar for all batch

volumes and in well accordance with scanning electron micro-

graphs. Average crystallite size of of ZnO nanoparticles synthe-

sized at different batch volumes was 36.19 ± 3 nm. This shows

that scaling up of synthesis procedure has not influenced the

crystallinity of the nanoparticles. When nanoparticles are

dispersed in liquids, the interactions between nanoparticles

themselves and between nanoparticles and liquid are influ-

enced by particle surface. It is widely known that even at the

scale of micrometer or millimeter sized particles, the inter-

actions between solid particles and fluid are influenced by

particle size32-38. The size control achieved at all the scales of

syntheses demonstrates the success of scale up attempted in

this work.
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Fig. 4. X-ray diffraction pattern of ZnO nanoparticles synthesized at

different batch volumes

Conclusion

Room temperature chemical precipitation method for ZnO

nanoparticle synthesis has been scaled up without any yield

or time loss. Spherical morphology and particle size range of

20-40 nm was achieved at all scale up batch volumes by ensuring

uniform mixing and controlled addition of precursor solution.

Crystalline Wurtzite structure was obtained for ZnO nanopar-

ticles synthesized starting from lower scale up volume to higher

scale up volume. Scaling up of ZnO synthesis has not altered

the properties of nanoparticles. From a single batch volume

of 5 L, 30-35.5 g ZnO nanoparticles can be prepared. This

method has great potential to be further scaled up and commer-

cialized. Presence of a small fraction of larger particles empha-

sizes the requirement of well stirred system at larger batch

volumes.

ACKNOWLEDGEMENTS

This work is supported by (i) PG teaching grant No.: SR/

NM/PG-16/2007 of Nano Mission Council, Department of

Science and Technology (DST), India (ii) Grant No: SR/FT/

ET-061/2008, DST, India and (iii) Research and Modernization

Project #1, SASTRA University, India and (iv) INSPIRE fellow-

ship (IF 110312), Department of Science and Technology,

India.

REFERENCES

1. C.N.R. Rao, A. Muller and A.K. Cheetham, The Chemistry of Nanomaterials,

Wiley-VCH, Weinheim (2004).

2. K. Rohini Priya, K.S. Suganthi and K.S. Rajan, Int. J. Heat Mass Transfer,

55, 4734 (2012).

3. D. Anandan and K.S. Rajan, Asian J. Sci. Res., 5, 218 (2012).

Vol. 26, No. 14 (2014) Studies on Scale-up of Synthesis of ZnO Nanoparticles  4275



4. K. Chen and D. Xue, Nanosci. Nanotechnol. Lett., 4, 1 (2012).

5. V. Aishwarya, K.S. Suganthi and K.S. Rajan, J. Nanopart. Res., 15,

1774 (2013).

6. D. Sivalingam, J.B. Gopalakrishnan, U.M. Krishnan, S. Madanaguru-

samy and J.B.B. Rayappan, Physica E, 43, 1804 (2011).

7. G.K. Mani and J.B.B. Rayappan, Sens. Actuators B, 183, 459 (2013).

8. D. Sivalingam, J.B. Gopalakrishnan and J.B.B. Rayappan, Sens. Actuators

B, 166-167, 624 (2012).

9. M. Przybyszewska and M. Zaborski, Express Polym. Lett., 3, 542

(2009).

10. A.B. Kashyout, M. Soliman, M. El Gamal and M. Fathy, Mater. Chem.

Phys., 90, 230 (2005).

11. K.K. Makhija, A. Ray, R.M. Patel, U.B. Trivedi and H.N. Kapse, Bull.

Mater. Sci., 28, 9 (2005).

12. A. Farouk, S. Moussa, M. Ulbricht and T. Textor, Int. J. Carbohydr.

Chem., 2012, 1 (2012).

13. T.K. Tan, P.S. Khiew, W.S. Chiu, S. Radiman, R. Abd-Shukor, N.M.

Huang and H.N. Lim, World Academy Sci. Eng. Technol., 55, 791

(2011).

14. Q. Zhang, C.S. Dandeneau, X. Zhou and G. Cao, Adv. Mater., 21, 4087

(2009).

15. M.R. Arefi and S. Rezaei-Zarchi, Int. J. Mol. Sci., 13, 4340 (2012).

16. P.J.P. Espitia, N.F.F. Soares, J.S.R. Coimbra, N.J. Andrade, R.S. Cruz

and E.A.A. Medeiros, Food Bioprocess Technol., 5, 1447 (2012).

17. B. Ramezanzadeh and M.M. Attar, Mater. Chem. Phys., 130, 1208

(2011).

18. H. Meruvu, M. Vangalapati, S.C. Chippada and S.R. Bammidi, Rasayan

J. Chem., 4, 217 (2011).

19. C.C. Chen, P. Liu and C. Lu, Chem. Eng. J., 144, 509 (2008).

20. A.B. Moghaddam, T. Nazari, J. Badraghi and M. Kazemzad, Int. J.

Electrochem. Sci., 4, 247 (2009).

21. F. Tamaddon, F. Aboee and A. Nasiri, Catal. Commun., 16, 194 (2011).

22. M. Nirmala, M.G. Nair, K. Rekha, A. Anukaliani, S.K. Samdarshi and

G. Ranjith Nair, Afr. J. Basic Appl. Sci., 2, 161 (2010).

23. L. Taccola, V. Raffa, C. Riggio, O. Vittorio, M.C. Iorio, R. Vanacore,

A. Pietrabissa and A. Cuschieri, Int. J. Nanomed., 1129 (2011).

24. J. Eriksson, V. Khranovskyy, F. Soderlind, P.O. Käll, R. Yakimova and

A.L. Spetz, Sens. Actuators B, 137, 94 (2009).

25. Y. Wang, X. Li, N. Wang, X. Quan and Y. Chen, Sep. Purif. Technol.,

62, 727 (2008).

26. A.P. Ranjan, A. Mukerjee, L. Helson and J.K. Vishwanatha, J.

Nanobiotechnology, 10, 38 (2012).

27. M. Vaghayenegar, A. Kermanpur, M.H. Abbasi and H. Ghasemi

Yazdabadi, Adv. Powder Technol., 21, 556 (2010).

28. X. Ren, D. Han, D. Chen and F. Tang, Mater. Res. Bull., 42, 807 (2007).

29. K.S. Suganthi and K.S. Rajan, Asian J. Sci. Res., 5, 207 (2012).

30. K.S. Suganthi and K.S. Rajan, Int. J. Heat Mass Transfer, 55, 7969

(2012).

31. K.S. Suganthi, M. Parthasarathy and K.S. Rajan, Chem. Phys. Lett.,

561-562, 120 (2013).

32. K.S. Rajan, K. Dhasandhan, S.N. Srivastava and B. Pitchumani, Int. J.

Heat Mass Transfer, 51, 2801 (2008).

33. K.S. Rajan, B. Pitchumani, S.N. Srivastava and B. Mohanty, Int. J.

Heat Mass Transfer, 50, 967 (2007).

34. K.S. Rajan, S.N. Srivastava, B. Pitchumani and B. Mohanty, Appl.

Therm. Eng., 27, 1345 (2007).

35. K.S. Rajan, S.N. Srivastava, B. Pitchumani and K. Dhasandhan, Appl.

Therm. Eng., 28, 1932 (2008).

36. K.S. Rajan, S.N. Srivastava, B. Pitchumani and B. Mohanty, Int.

Commun. Heat Mass Transf., 33, 1234 (2006).

37. A. Jain, B. Mohanty, B. Pitchumani and K.S. Rajan, J. Heat Transfer,

128, 761 (2006).

38. K.S. Rajan, S.N. Srivastava, B. Pitchumani and V. Surendiran, Int. J.

Therm. Sci., 49, 182 (2010).

4276  Dhanya et al. Asian J. Chem.


