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SYNTHESES AND APPLICATIONS OF 
NANO-SIZED IRON PARTICLES 

FIELD OF THE INVENTION 

[0001] The present invention relates to methods to syn 
thesiZe nano-siZed iron particles and applications thereof. 

BACKGROUND OF THE INVENTION 

[0002] Zero valent nano iron particles (i.e., beloW about 
100 nm), because of their unique properties, ?nd use in 
many technology areas, including but not limited to envi 
ronmental remediation, bioseparation, security packaging 
and electronics. One typical Way to produce iron particles of 
this siZe is to convert ferrous or ferric iron into Zero valent 
iron by using strong reducing agents such as NaBH4. HoW 
ever, NaBH4 is generally expensive and yields of Zero valent 
iron are generally loW. 

[0003] US. Pat. No. 6,242,663 describes a method for 
remediation of heavy metals and halogenated hydrocarbon 
contaminants from aqueous media using iron solutions that 
are reduced to form Zerovalent nano iron particles. The 
reduction is accomplished by use of large amounts of 
NaBH4, but Without any additional base. 

[0004] C. Wang, et al., Environmental Science and Tech 
nology, 1997, 31, 2154, describes the synthesis ofnanosiZed 
iron particles for use in dechlorination of halogenated 
organic compounds. The synthesis employs NaBH4 as a 
reducing agent, but again no additional base is used. 

[0005] F. Li, et al., Colloids and Surfaces A: Physicochem. 
Eng. Aspects 223 (2003) 103-112, describes microemulsion 
and solution approaches to nanoparticle iron production for 
the degradation of trichloroethylene. The synthesis employs 
NaBH4 as a reducing agent, but again no additional base is 
used. 

[0006] There is a need in the industry for a loWer cost 
novel method to make nano-siZed Zerovalent iron particles. 

SUMMARY OF THE INVENTION 

[0007] The present invention relates to a process to pro 
duce nano-sized Zerovalent iron particles, comprising the 
steps of: 

a) forming a ?rst aqueous solution comprising ferrous or 
ferric ions; 

b) forming a second aqueous solution comprising a reducing 
agent and a base; and 

c) mixing said ?rst and second solutions together, thereby 
precipitating nano-siZed Zerovalent iron particles. 

[0008] The present invention further relates to particles 
made by the novel process. 

BRIEF DESCRIPTION OF THE FIGURES 

[0009] FIG. 1 is a SEM photograph of particles made as 
described in Comparative Example A. 

[0010] FIG. 2 is a SEM photograph of particles made as 
described in Example 3. 

[0011] FIG. 3 is a SEM photograph of particles made as 
described in Example 4. 
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[0012] FIGS. 4a and 4b are SEM photographs of particles 
made as described in Example 8. 

[0013] FIGS. 5a and 5b are of TEM photographs of 
particles made as described in Example 3. 

[0014] FIG. 6 is a schematic draWing of the continuous 
process as described in Examples 9 to 11. 

DETAILS OF THE INVENTION 

[0015] The present invention relates to processes for form 
ing nano-siZed iron particles. These processes generally 
have higher yields and loWer cost of manufacturing com 
pared to other processes in general use. Additionally, the 
processes described herein alloW the control of particle 
morphology, siZe and speci?c surface area, thereby alloWing 
control over the formed particles’ reactivity, magnetic prop 
er‘ties and suitability for certain end-uses such as environ 
mental remediation. 

[0016] Nano-siZed Zero valent iron particles formed by the 
process described herein exhibit higher reactivity compared 
to nano iron particles formed from processes that do not add 
a base solution. 

[0017] In the present invention, nano-siZed Zero valent 
iron is produced by reducing ferric or ferrous iron, generally 
in the form of a chloride or sulfate, using borohydride, 
selected from NaBH4, KBH4, and LiBH4; and a base, 
generally selected from NH4OH, NaOH, KOH and mixtures 
thereof. The invention could alternatively use a salt in place 
of the base. The salt may be selected from carbonate, 
bicarbonate, borate and phosphate. By the addition of a base 
in the process, the yield of nano iron based on the amount 
of reductant borohydride increases substantially. The pro 
cess alloWs the morphology of the nano iron particles to be 
selected, depending on the reaction conditions. For example, 
it is possible, by using the novel process, to produce spheri 
cal, needle-like or ?oWer-like nano iron particles Which 
alters the surface area of the particles produced. 

[0018] The process begins by forming an iron-containing 
solution of an aqueous solution of a ferrous, ferric iron or 
mixtures thereof. The iron particles are found in the range of 
1 g/l to 284 g/l, With a preferred range of 10~100 g/l. 

[0019] In a separate container, a solution of a reducting 
agent selected from NaBH4, KBH4, LiBH4, and a base 
selected from NH4OH, NaOH, KOH and mixtures thereof is 
prepared forming a reducing agent/base solution. The base 
can be added separately to the reducing agent, or may be 
supplied as part of a commercially-available source. The 
concentration of reducing agent is in the range of 0.1 g/l to 
150 g/l. The concentration of base is 0.1 g/l to 400 g/l. The 
molar ratio of the reducing agent to base is in the range of 
0.1 to 10. The iron-containing solution and the reducing 
agent/base solution are then mixed together. The Zero-valent 
iron particles precipitate out of solution to form a slurry. The 
slurry is then ?ltered and the Zero-valent iron particles are 
collected in any convenient manner. One particularly con 
venient manner is as a ?lter cake. 

[0020] The ferrous iron solution and the reducing agent 
solution is kept chilled and at least substantially free from 
oxygen. This is generally accomplished by using cold, 
deoxygenated Water to produce the solutions. The solutions 
are generally kept under nitrogen or other inert gas to 
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prevent oxidation of the materials. The solution is kept at 
least substantially free from oxygen because the presence of 
oxygen Will consume some reductant and thus reduce the 
yield. 

[0021] As shoWn in the examples beloW, the yield of 
nano-siZe iron particles, based on the amount of reductant 
used, greatly increases When a base, such as NH4OH is used. 
For example, it is theoriZed that NH4OH, When used as a 
co-reactant, neutraliZes the H+ generated by the reaction as 
shoWn in Equation 1, so that the reaction is driven toWard 
formation of Zero-valent iron: 

7H+(aq) Eq. 1 

Without the addition of NH4OH or another base, Fe(s) Will 
further react With H+ and thus consume much of the Zero 
valent iron by the reaction shoWn in Equation 2: 

Fe(s)+2H+—>Fe2++H2T Eq. 2 

With the presence of enough NH4OH or other base, the 
reaction can be reWritten as shoWn in Equation 3 to achieve 
the maximum yield: 

This increase in yield (greater than 8 times the process 
Without additional base) is shoWn in the examples beloW. 

[0022] The process of the present invention can be a batch 
or continuous process. FIG. 6 is a How diagram shoWing a 
schematic Whereby the iron and reductant/base solutions are 
added to a reactor, Where the Zero-valent iron particles are 
formed. In the continuous process discussed in the examples 
beloW, NaOH is the base used With the NaBH4 reducing 
agent. HoWever, this Was done for convenience only; NaOH. 
NH4OH, KOH or mixtures thereof may be used in either 
batch or continuous mode. 

[0023] The morphology of the formed iron particles is 
dependent upon the amount of base used. It Was found the 
amount of base and the ratio of base to reducing agent will 
affect the morphology. As shoWn in the examples beloW, 
Zero-valent iron particles formed Without the addition of 
base produce generally spherical particles. By adding vari 
ous amounts of base to the reducing solution, spherical, 
needle-like and ?oWer-like morphologies can be produced. 
The non-spherical morphologies (e.g., needle-like, ?oWer 
like) have higher surface areas, e.g., from 25 m2/g to 99.5 
m2/g as measured by the BET method (S. Brunauer, P. H. 
Emmett and E. Teller, J. Amer. Chem. Soc., 60, 309 (1938)). 
The different shapes can ?nd use in different end-uses as 
Well. For example, When a higher surface area is needed to 
more completely remediate a contaminated Waste stream, it 
may be preferable to use needle-like or ?oWer-like morphol 
ogy particles. 

[0024] Unless otherWise speci?ed, all chemicals and 
reagents Were used as received from Aldrich Chemical Co., 
Milwaukee, Wis. 

EXAMPLES 

Example A (Comparative) 

[0025] This example demonstrates the production of Fe 
particles in the presence of NaBH4, but in the absence of a 
base, such as NH4OH. 
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[0026] De-ioniZed Water Was bubbled With nitrogen for at 
least 30 min before use. The de-oxygenated Water Was then 
transferred into a freeZer and kept inside for 30 min. FeCl2 
solution Was prepared by dissolving 11.13 g ferrous chloride 
tetrahydrate With 200 ml cold deoxygenated Water in a 1000 
ml Erlenmyer ?ask. In a separate container, reducing solu 
tion Was prepared by dissolving 3.78 g NaBH4 solid in 200 
ml cold de-oxygenated Water. The reducing solution Was 
then sloWly pumped into ferrous chloride solution using a 
peristaltic pump With strong agitation. A black precipitation 
Was observed immediately. After ?nishing pumping the 
reducing solution, the slurry Was stirred for at least 5 
minutes. The slurry Was then ?ltered using a 0.2 micron 
membrane ?lter. The black cake Was rinsed With 100 ml 
ethanol. The total Weight of Wet cake Was 4.25 g. The Wet 
cake Was then kept in a refrigerator to avoid oxidiZation. A 
small amount of sample Was analyZed to determine the 
surface area by BET, metals analysis by ICP, and particle 
morphology by SEM. ICP metal analysis shoWed this 
sample contained 51.8% iron. The surface area Was 52.0 
m2/g by BET measurement. The SEM picture (FIG. 1) 
shoWed spherical morphology With diameter of about 40 to 
about 120 nm. The yield based on gram iron produced by per 
gram NaBH4 Was 0.65. 

Example 1 

[0027] De-ioniZed Water Was bubbled With nitrogen for at 
least 30 min before use. The de-oxygenated Water Was then 
transferred into a freeZer and kept inside for 30 min. FeCl2 
solution Was prepared by dissolving 11.13 g ferrous chloride 
tetrahydrate With 200 ml cold deoxygenated Water in a 1000 
ml Erlenmyer ?ask. In a separate container, reducing solu 
tion Was prepared by dissolving 3.78 g NaBH4 solid and 
7.57 g ammonium hydroxide solution (~28.9% NH3 in 
Water) in 200 ml cold de-oxygenated Water. The reducing 
solution Was then sloWly pumped into the ferrous chloride 
solution using a peristaltic pump With strong agitation. A 
black precipitation Was observed immediately. After ?nish 
ing pumping the reducing solution, the slurry Was stirred for 
at least 5 minutes. The slurry Was then ?ltered using a 0.2 
micron membrane ?lter. The black cake Was rinsed With 100 
ml ethanol. The total Weight of the Wet cake Was 4.56 g. The 
Wet cake Was then kept in a refrigerator to avoid oxidiZation. 
A small amount of sample Was sent to measure surface area 
by BET, and to analyZe for metals by ICP. ICP metal analysis 
shoWed this sample contained 65.7% iron. The surface area 
Was 69.8 m2/g by BET measurement. The yield based on 
gram iron produced by per gram BH4 Was 0.79. 

Examples 2 to 8 

[0028] The procedures of Examples 2 to 8 are similar to 
that of Example 1, except the amount of NaBH4 and NH4OH 
used Were different. The amounts of NaBH4 and NH4OH 
used in Examples 3 to 9 are shoWn in Table 1. The results 
of these examples, along With Comparative Example A and 
Example 1 are summarized in Table 1. SEM photographs of 
Example 3 and Example 4 are shoWn in FIG. 2 and FIG. 3 
respectively. FIGS. 4a and 4b are SEM photos of the sample 
from Example 8. FIGS. 5a and 5b shoW the TEM photos of 
needle-like morphology of particles from Example 3. 

[0029] The yield based on NaBH4 Was increased from 
0.65 kg Fe/kg NaBH4 (Comparative Example A) to 5.95 kg 
Fe/kg NaBH4 (Example 8) by using NH4OH as co-reactant. 
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TABLE 1 

Yield 

NH4OH Wet BET Weight (kg 
Ex. NaBH4 28.9% Sample Surface ICP Fe of iron Fe/kg 
No. (g) (g) (g) Area(m2/g) (%) produced NaBH4) Morphology 

A 3.78 0.00 4.25 52.0 58.1% 2.47 0.65 Spherical 
1 3.78 7.57 4.56 69.8 65.7% 3.00 0.79 

2 1.06 3.79 8.85 98.9 26.3% 2.33 2.20 

3 1.06 7.57 13.47 122.4 23.1% 3.11 2.94 Needle 

like 

4 1.06 11.36 6.57 96.7 44.5% 2.92 2.76 FloWer 

5 0.53 0.00 1.45 25.7 20.8% 0.30 0.57 

6 0.53 3.79 7.20 95.9 40.1% 2.89 5.45 

7 0.53 7.57 11.43 99.5 22.1% 2.53 4.77 

8 0.53 11.36 16.50 76.7 19.1% 3.15 5.95 FloWer 

like 

Examples 9-11 

[0030] The following examples demonstrate the use of TABLE 2 
NaOH in conjunction With NaBH4 in the continuous pro- Fmmnlg.) 
duction of Fe particles. 

_ _ _ 9 10 11 

[0031] As shoWn 1n FIG. 6, non chlor1de tetrahydrate 
(FeCl2.4H2O) (Aldrich) Was dissolved in de-oxygenated 1% 
Water~(produced by sparg1ng de1on1Zed Water W1th mtrogen FeCIZMHZO (g) 741 741 743 
overnrght) and charged to a feed tank. NaBH4 (12 WI'% Water (g) 12981 12981 3843 
stab1l1Zed W1th 40 Wt % NaOH 1n Water from A1dr1ch 

Chemical Co., Milwaukee, Wis.) Was used as received and gotal (g) I 0/ 1372? 520/ 1372? 520/ 458i 550/ 
charged to a feed tank. Nitrogen Was supplied to each feed °) 37' ° 37' ° 37' ° 
tank in an amount suf?cient to push the materials to the Amount fed (g) 13722 13722 4370 
reactor. FloW rates of the materials Were controlled by Boron source 
rotameters. 

12% NaBH4/40% NaOH/H2O 183 183 366 
[0032] Black metallic iron Was formed immediately upon (.8) 
mixing of the FeCl2 and NaBH4 solutions. This product Was Wat“ (g) 1044 1044 454 

collected by tWo different methods. Method 1 ‘used a con- Total (g) 1227 1227 820 
vent1onal ?lter to recover the Fe from the solut1on. Method NaBH4 concentration (%) 1_79% 1.79% 5.36% 
2 used a decanter-settler. In both cases, the vessel With the Feed rate (CC/min) 5 5 6 
recovered Fe in it Was transferred to a nitrogen box Where gmgunttli?d (g) 964 1227 337 

. . I‘O 11C €COV€ the Fe Was d1scharged1nto bottles for storage. FloW rates and —ry 
other process parameters are given in Table 2. Yield Was collection method ?lter decanter decanter 
determined by mass balances using the Weights of Fe and Wet Cake total (g) 198 212 171 
NaBH4 fed and the amount of Fe product collected as 
measured by ICP. The results of examples 9-11 Were sum 
mariZed in table 3. [0033] 

TABLE 3 

Yield 

Wet BET Weight (kg 

NaBH4 NaOH Sample Surface ICP Fe of iron Fe/kg 

Example # (g) (g) (g) Area(mA2/g) (%) produced NaBH4) 

9 17.25 57.50 198.00 75.2 49.3% 97.6 5.66 

10 21.96 73.20 212.00 78.0 55.7% 118.1 5.38 

11 18.06 60.20 171.00 66.0 56.0% 95.8 5.30 
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What is claimed is: 
1. A process to produce nano-siZed ZeroValent iron par 

ticles, comprising the steps of: a) forming a ?rst aqueous 
solution comprising ferrous or ferric ions; b) forming a 
second aqueous solution comprising a reducing agent and a 
base; and c) mixing said ?rst and second solutions together, 
thereby precipitating nano-siZed ZeroValent iron particles. 

2. The process of claim 1, Wherein said ?rst aqueous 
solution comprising ferrous ions is formed by dissolving 
ferrous chloride in deoxygenated Water, and Wherein the 
concentration of said ferrous ions is 1 g/l to 284 g/l. 

3. The process of claim 1, Wherein said ?rst aqueous 
solution comprising ferrous ions is formed by dissolving 
ferrous chloride in deoxygenated Water, and Wherein the 
concentration of said ferrous ions is 10 g/l to 100 g/l. 

4. The process of claim 1, Wherein said reducing agent of 
said second solution is borohydride selected from NaBH4, 
KBH4, and LiBH4. 

5. The process of claim 1, Wherein the concentration of 
said reducing agent is 0.1 g/l to 150 g/l. 

6. The process of claim 1, Wherein said base is selected 
from NaOH, NH4OH, KOH or mixtures thereof. 
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7. The process of claim 5, Wherein the concentration of 
said base is 0.1 to 400 g/l. 

8. The process of claim 1, Wherein the molar ratio of said 
reducing agent to said base is in the range of 0.1 to 10. 

9. The process of claim 1, Wherein said mixing and 
particle formation are done in a batch mode. 

10. The process of claim 1, Wherein said mixing and 
particle formation are done in a continuous process. 

11. Nano-siZed Zero Valent iron particles formed by the 
process of claim 1. 

12. Nano-siZed ZeroValent iron particles formed by the 
process of claim 1 Wherein the iron particles exhibit a 
spherical morphology. 

13. Nano-siZed ZeroValent iron particles formed by the 
process of claim 1 Wherein the iron particles exhibit a 
needle-like morphology. 

14. Nano-siZed ZeroValent iron particles formed by the 
process of claim 1 Wherein the iron particles exhibit a 
?ower-like morphology. 


