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Abstract

Copper(Il) oxide is an important ceramic material that has many applications,
such as ice nucleating agent for artificial rain, coating on solar panel, p-type
semiconductor, and high-temperature superconductor. Copper oxide nanoparticles can
be dispersed into fluids to become nanofluids, which can enhance the thermal
conductivity of fluids. Copper is one of the most important metals, which is wildly
used in electric industry, electroplating, and semiconductor because of it is cheaper
than other noble metals such as silver and gold. It can be also used as a catalyst.

There are many methods for preparing copper oxide nanoparticles, and the most
common physical one is the gas-condensation method, in which copper raw material
is evaporated by a high-temperature arc and then the vapor is condensed by contacting
with cold liquid to become_uniform nanoparticles. The.chemical synthetic methods
including sonochemical, sol-gel,sthydrothermaly, and solid-state method, are to
synthesize copper oxide via various ehemical reactions. For:preparing fine particles of
copper, besides the electroplating methqg% most, chemical reduction methods using
hydrazine and sodium borohydride as red-uping agents; and formaldehyde is also used
as reducing agent for the electroless:coppé'r deposition. Although these methods are
available for producing copper oxi:de and eopper-particles, most of the synthesizing
methods stay in the laboratory,” and toxic organic compounds are usually used.
Moreover, the problems associated with energy-consumption, time-consumption, and
slow production rate make them difficult to apply in industry.

The high-gravity technique (HiGee) has been developing in recent years, and it
can overcome the problems illustrated above. Two types of equipment, i.e., the
rotating packed-bed reactor (RPBR) and spinning disk reactor (SDR), have been
applied in this regard. As the packed-bed or disk is rotating, the high centrifugal force
can be generated and thus a uniform and high supersaturation through micromixing is
achieved. As a result, small and uniform particles can be obtained. Moreover, the
short operating time and mass production rate are also advantageous to scale-up for
industrial production. In our laboratory, powders of several chemicals including salts,
drugs, and metals have been investigated, and they were all successfully micronized

using high-gravity technique by applying crystallization theories and choosing



optimal operating variables.

The aim of this research is to synthesize fine powder of copper oxide and copper
using a spinning disk reactor. For synthesizing copper oxide, the precursors of copper
oxide were first prepared in a continuous mode through a liquid-liquid reaction using
copper(Il) sulfate and sodium carbonate as reactant. Then, the precursor particles were
calcined up to 500°C to obtain copper oxide nanoparticles. Among the effects of
operating variables, smaller copper oxide particles were obtained under reactant
concentrations lower than 0.1 M, rotation speed higher than 1000 rpm, flow rates of
reactant solutions lower than 3.0 L/min, and pH of slurry around 6. As the reactant
concentrations were both 0.1 M, rotation speed was 4000 rpm, and flow rates were
both 3.0 L/min, a production rate of 34.6 kg CuO/day can be achieved. The volume
mean size of the product particles was smaller.than 65 nm and the primary particle
size was 20-30 nm observed under a field emission gun scanning electron microscope.
Finally, a CuO-water nanofluid was‘prepared using.sodium hexametaphosphate as the
dispersant. The effective thermal conductivity-of the nanofluid prepared in this study
was higher than that reported'in Iiterature_';:;{\pd that by theoretical calculation. The best
result in the improvement of thermal cor'i-dy.ctivity was 10.8% when the solid content
was 0.4 vol.%. ;

For preparing copper fine poWders, weak-reductant glucose or dilute nitric acid
was used as the reducing agent. As glucose was used, the smallest copper particles
were obtained under the temperature of 80°C, recycle time of 15 min, weight ratio of
PVP/Cu=2. The concentrations of Cu(OH),, NaOH, and glucose were 0.02 M, 1.0 M,
and 0.1 M, respectively. The morphology of copper particles were polyhydral and the
size was around 100-300 nm. Furthermore, the size of copper particle synthesized
using an SDR was smaller than that using a stirred tank. As nitric acid was used as the
reducing agent, continuous operating mode can be used, and the reaction can proceed
at room temperature. Sodium hexametaphosphate was added for dispersing the
reactant, Cu,O. Spherical copper particles with size around 100-300 nm can be
obtained with PVP(polyvinylpyrrolidone) as the co-additive in a concentration of 1.1
g/L PVP, and the yield was 79.2 %. When the concentration of nitric acid was lower
than 0.32 M, the yield of copper particles decreased because of the slower reaction

rate. However, as the concentration of nitric acid was higher than 0.64 M, the copper

v



oxide was obtained because of a higher oxidation ability. Finally, the waste solution
containing copper(I1) ions, which was produced from nitric reduction process, can be
recycled to react with NaOH or Na,CO; to produce copper oxide particles using the
SDR.

Keywords: copper, copper oxide, high-gravity technique, spinning disk reactor,

nanoparticles
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The standard X-ray diffraction pattern of CuO. (JCPDS 05-0661)

The standard X-ray diffraction pattern of Cu,O. (JCPDS03-0892)

TEM images of copper oxide embedded in poly(vinyl alcohol):
(a)sample A synthesized in 10%water-DMF; (b)sample A after
growth in pristine polymer. (Vijayakumar et al., 2001)

(a)FESEM image of the shuttle-like CuO aggregates and (b)typical
SEM image of the CuO aggregates made by nanocrystals. (Zhang
et al., 2006)

TEM images of copper oxide nanorods synthesized by solid-state
reaction: (a)overalllimage; (b)a.single copper oxide nanorod.
(Wang et al., 2004)

SEM image of a*l10-layer-€uO thinfilm. (Oraletal., 2004)

Scanning electron micrograph?'of copper oxide synthesized under
reaction temperature are (a)6(jlﬁ§’_C and(b)30 °C.«(Kim et al., 2002)
Scanning electron mi&:r‘ographs of “copper oxide calcinated at
(a)100 °C and (b)500 °C.:(Kim et al., 2002)

TEM images of the CuO nanorods obtained by the SLPAD method
after aging for (a)30min and (b)1 week.(Yao et al., 2005)

TEM images of the (a)Cu (b)CuyO products obtained by the
SLPAD method after aging for 30 min. (Yao et al., 2005)

(a)The lower and (b)higher magnification SEM images of CuO
nanotube array film. (Zhang et al., 2006)

SEM image of (a)CuO nanoflowers grown on copper foil; (b)a
typical CuO nanoflower. (Zhang et al., 2006)

Schematic diagram of SANSS. (Lo et al., 2005)
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TEM image of CuO nanoparticles synthesized by SANSS method.
(Lo et al., 2005)

Standard X-ray diffraction pattern of Cu. (JCPDS 03-1015)

Relation between plating condition and deposition rate: (a)bath
temperature; (b)pH value. (0)CHOCOOH bath and (e)HCHO
bath. (Honma & Kobayashi, 1994)

Electron microscopy patterns of copper metallic particles
synthesized in Cu(AOT),, NaAOT water isooctane reverse
micelles at various water contents: (a)w = 3 and (b)w=10. [AOT]
= 0.1 M, [Cu(AOT);] = 0.01 M; [N2H4] = 0.03 M. (Lisiecki and
Pileni, 1995)

Transmission _electron micrographs of..Cu nanoparticles with
variable mole ratios of water to surfactant: w = (a)5; (b)10; (c)15;
(d)20; (e)30. (Qiu et al.,.+999)

TEM image of coppér ‘;?fiostructures modified by PVP:
(a)nanoparticles under| 2wt% PVP, coneentration; (b)copper 1D
array nanopar‘ucles wrapped in PVP were achieved by adding the
copper nanopartlcles into.a.diluted system.(Liu et al., 2003)

TEM photographs of ‘Cu nanoparticles prepared with different
molar ratio of PVP to CuSOy4: (2)3.6; (b)7.2; (¢)135; (d)270. (Zhu
et al. 2004)

The relationship between the molar ratio and copper grain sizes.
(Zhu et al., 2004)

TEM of copper nanoparticles obtained in (a)n-heptane and
(b)n-octane. (Song et al., 2004)

Representative TEM micrograph of the copper nanoparticles. The

Cu*/toluene sample is shown. (Ponce and Klnbuade, 2005)
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TEM micrographs of Cu nanoparticles obtained at Cu*":CTAB
mole ratio: (a)1:0.25; (b)1:30, and the size distributions are shown
in (c) and (d), respectively. (Athawale et al., 2005)

Experimental apparatus of VEROS method. (Akoh et al., 1978)

Enhanced thermal conductivity of oxide nanofluids system. (Lee
et al., 1999)

The flow observation of the bubbles growth during the boiling of
(a)water and (b)nanofluid under 1 atm with heat flux of 42,000
Wm?. (8§ %% > 2004)

Modes of energy transport.in_nanofluids. The first mode is
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mode is collision between nanoparticlés~not shown; and the fourth
mode is thermal‘interactions of dynamic or'dancing nanoparticles
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Effect of needle-like nahéparﬁ%_le rotation. (Jworetal., 2007)
Schematic diagrérh of transient hot-wire;apparatus for measuring
thermal conductivities of"nanofluids.: (A/D=analog-to-digital) (Lee
et al.,1999)

Experimental apparatus of steady-state parallel plate method.( 4 &
4 5.2002)

Different stability for the electrolyte A,Bpin a pA —pB diagram. In
the different areas the following phenomenon may be studied
kinetically: dissolution, seed growth, heterogeneous nucleation
and growth. (Reproduced from Nielsen and Toft, 1984)

Solubility-supersolubility diagram showing various methods for
crystallization. (Tai et al., 2002)
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CO; flow rate: (a)50,/L/h;(b)200:L/h.(Wang et al., 2004)

Schematic of spinning disk reactor (Cafiero et al., 2002)

SEM images of (a)CaCO; and (b)BaCO; synthesized by HiGee
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(a)Experimental -~apparatus of continuous, _operation mode;

(b)operating pattérn of the spinning. disk reactor.

Experimental setup of small=seale test of copper reduction.
(a)Experimental apparatus of high temperature operation mode;
(b)the appearance of the far-infared heater related to the spinning
disk reactor.

(a)Positions of thermometers assembled in the high-temperature
spinning disk reactor; (b)changes of temperature with time at
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Operating diagram for copper preparation with (a)recycle mode

and (b)two-stage mode.
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Table 5.10  Comparison of operating condition and result of copper 125
reduction by glucose and nitric acid.
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[

PERFL 6-15 ) pF > H Y 7 #r ammonium peroxydisulfate (NH4)2S,0s) ° BREV K

B BRy 2 Ny T D 180 °C A5 CuO % o ¢ *£7] > 4o Fig. 2.11 #757 » H ¢ 2
FoE 2 F A5 100-500 nm ; K2 0 F 0 RS P 0T 170 °C o v F 3

CuO 2 # # F Lo« ¥ #h » "l # % » NaOH K73 % » i 4t (NHy)2$:05 » ¥ 4
$¢ AmFA100°C 12| F> 7 #5)d B 50 nm-E /25 100-500 nm 5 # % 5 CuO
fadpa 2 TR BEM 0 < )5 S pm o e Fig. 2.12 #57% o

Xu et al.(1999) F A7 iz W& 5 - 4F 2 Kb+ > 2 2 £ 2 &H% CuCly -
2H,0 #2 NaOH m 3 Bt 215 8 #&8 & ¥ 7 30 A 46 > # (7312 XRD R+
Bz -Zpd 2 g2mmz 24 F CapkS o A ERETARE F Cep g RS

Lo et al.(2005)7 B % /%% ;% (submerged arc nanoparticle synthesis system,
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A # 6000-12000 °C
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Fig. 2.13 5 = 2 Z ¥dr 2%
22 AdFEF @B KkEFR

ME A F VIR AR AR e BTk AN F LA RE o H A H

o4y Y 4E kS £ 5 80-90 nm 0 4e Fig. 2.14 #

LES LTS

RS TR
2
‘0
c
i)
£

:T_ o
R R S LR R R Rt R A it o
af?%iﬁiﬁ%ﬁ& LM LG BRA prE e
’E‘é_ &%Zﬁ%ﬂhﬁ-f%?rﬂ”/égﬁ!”ug;%g\bo
?151?.)538 73
[ (111) JCPDS05-0661
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Fig. 2.1 The standard X-ray diffraction pat‘ltérq of CuO. (JCPDS 05-0661)

Intensity

JCPDS03-0892
Cu,O Cuprite

20

36.49
(111) 61.34
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42.19 I
(200)
n
29.35
(110)
TI T T T I’ T '* -I
30 40 50 60 70
2 theta (degree)

Fig. 2.2 The standard X-ray diffraction pattern of Cu,O. (JCPDS03-0892)



@ (b)
Fig. 2.3 TEM images of copper oxide embedded in poly(vinyl alcohol): (a)sample A
synthesized in 10%water-DMF; (b)sample A after growth in pristine polymer.
(Vijayakumar et al., 2001)

sfafm
; il FEAETF

o

F 3 oW

]
&

BT 100K S0.000 100nm WD 7.8mm
Q- T g O
Fig. 2.4 (a)FESEM image of the shuttleslike'CuO aggregates and (b)typical SEM
image of the CuO aggregates made by nanocrystals. (Zhang et al., 2006)

SEI 100K

(2)

-

15nm

(b)
Fig. 2.5 TEM images of copper oxide nanorods synthesized by solid-state reaction: (a)
overall image; (b)a single copper oxide nanorod. (Wang et al., 2004)



M28-1 15.8kV

2\ )
Fig. 2.7 Scanning electrdﬁs rogr Qﬁldé 'synthesized under reaction
temperature are (a%O g,.l(Kl ef"al., 2002)

@ (b)
Fig. 2.8 Scanning electron micrographs of copper oxide calcinated at (a)100 °C and
(b)500 °C. (Kim et al., 2002)
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= AT o
Fig. 2.9 TEM images of the CuO nanorods obtained by the SLPAD method after
aging for (a)30min and (b)1 week.(Yao et al., 2005)

_ () . Sv )
Fig. 2.10 TEM images of the (a)Cu (b)Cu,O products obtained by the SLPAD method
after aging for 30 min. (Yao et al., 2005)

(b)
Fig. 2.11 (a)The lower and (b)higher magnification SEM images of CuO nanotube
array film. (Zhang et al., 2006)

11



(a) (b)
Fig. 2.12 SEM image of (a)CuO nanoflowers grown on copper foil; (b)a typical CuO
nanoflower. (Zhang et al., 2006)

Fig. 2.13 Schematic diagram of SANSS. (Lo et al., 2005)

Fig. 2.14 TEM image of CuO nanoparticles synthesized by SANSS method. (Lo et al.,

2005)
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22 dp2 B S e B WG 22

4 (copper) /o + & 63.54 > *3 8L 1083 °C » 7 2L 2595 °C » v+ £(20 °C) 5 8.96 >
FANBRER A2 - S TP REBERFCERFIEAE R
(FCO)» & M B/ 2 2 & i (cubic)» H 152 XRD B3 4c Fig. 2.15 73 308 e
BRAR Bl FACIEY cd 0 gp2 ETREERAGT IR I VA 25T
EHLFER ALY R IFE T EFEIEME > L EREET 2
oo B R T B R F E R 10-15 Y%dr A % Ak 5 6000 F o 2 (R
B 2 2004) - 2 K4 ¥ IT 5 fE4L > ¥ % 3% Ullmann ? 5 & & F J& ~ f» %8 (phenol) =3 it
F R ~ %% A miis (alkanethiol)snd 14 F Jis 5 4o » 2 A 4F 7 F @ ZnO fR4L* -k &
MR F 20 5 12 3E 35 43 4o (Ponce and Klabunde, 2005) » 3 3 4F 77 ¥ * AiT
£ RFR 2 Z K @A 3 B2 A @i 3 4o (Choi and Eastman, 2001) -

d 342 B R R R4 £ £ & M(Douglas et al., 1992) 5 zE 1 i BB A
BEE O F ARG il B AR PR A L R G i 1R TR
2 IR ek e FI A 7% [ FR R EE G ok T 22 /]?c‘?*}é';?”
PR G A o 3 SRR R R e,

Figlarz et al.(1985) ¢ * % f% “'E(pdl@l)iﬁi—f‘f&,i Va3 C B AR RS
i%ﬁﬁ%ﬁ&ﬁiﬁw’égﬁ g’%aﬁz;@@a¢@o¢ﬁ~«-#
@ % “4¥(Cu(OH)) e 3 i+ &}F(CuG{) = T "-‘ ﬁ%(ethylene glycol) # 30 4 bR 3
JRER B R & K @ﬁ?‘ﬁ*—* ; i&rﬁ&ﬁk(CuSOA; * SHO) iz v 4 d
(glycerol) ¥ i i | p& ¥ E'I'J 5010pm 2_4F S o d R E T iF S R s R
T EARE RZERIOERERRGFERE ] € 2 o

Duffy et al.(1983)>% % ;§ & 12 ¥ fg (formaldehyde) &2 7 i 4% i& (7 & T 45 4F
(electroless copper deposition)*’? w3 Pdz A > FBEARL 3044 FIR

* pHI2.5 PF4F 3 BT i# 5 - Honma & Kobayashi(1994)11 ¢ FEp&(glyoxylic
acid)£? ¥ fg(formaldehyde):& 7 & & 4%4F & J& > B4F TH T4 Pd enfim > F I
PR A 6hre F R R 5 40-70°C » 4 EDTA T 5 45 &/ > FIERAXTF » skt
ARG PF o A U AR AR R AXE- > 4o Fig. 2.16 #7101 o @ e FERL TR RAPF > F R R
> @ P2 g TN RBREALT TEF o

Lisiecki and Pileni(1993&1995) 1 3% fic5* %% i+ (reverse micelles) @ % 2 5 4F k=
+ » 2 k%% AOT(sodium bis(2-ethylhexyl) sulfosuccinate)/isooctane/water ;3 ;% °
H ¢ g i(hydrazine, NoHy) (5 2 B &> ¥ 1740 2-12nm 2. 2 5K 4F s+ » 2 TEM
PE 5 4o Fig. 2.17 #750 o H 2@ 5 KRt (w=[HO/[AOTDA% + > @& 412 45 4%

13



+ o 2_{s » Lisiecki et al.(1997) 12 33 :B & /2 & i 4 (NaBH,) ¥ 5 & g4 » 7 @ &
A 40nm 1T e KAk o HP B ow<6 P W F IS ek 5 w6
FEo €5 F C4piI s m wl0OF > Rl g @RSy itgppd o Big * 5 R RA
BE b o FIR M EORT LR RHR ITE D2 RS ) 0 RS s RIE- o

Qiu et al.(1999) 7 &_rz st %= ® & 4 k3 > H & 3 % [SDS/isopentanol]/
cyclohexane/water » 7% #_12 NaBHy iT:8 B & » 7 ® & 9 5-40nm 2. 3 K 4F - H 7
FIAR R L wAR] B AR T kB AR BFE OIF A1 B PR T 0 4o Fig. 2,18 #1 R o

Liu et al.(2003)7 &2 NoH, i+ % i B A2 & 1 4k (CuCl, - 2H,0)% ¢ 5 ¢ £
BE# 4 10-20 nm 2 2 K 4%k > 4o Fig. 2.19(a) » # ¢ 4c » PVP(polyvinylpyrro-
lidone) (¥ & W3l A » F PR 5 1/ P> F B84 5 60 mL o 5 #-00 2 F 4+
AN KL B T A R iR A KBl R 2K F 30-50
nm > £ 400-800 nm 2 4 % f # > 4o Big 2:19(b)* 7

Huang et al.(1997)7= 2.4 N,Hy % 3 sﬁJ,%' A > “K g ethoxyethanol ¥ 3 j3 &2
Pemidr £ L% 3 o e fe CIZ R 5 30M0.mGn - %t ethoxyethanol ¥ #]
2 4R Fel 0 X 7-23 nms AR Bl B 2 Jr"‘*:* fie % 5 0% 16-31 nm - 12 PVP iF 3
i S W te B AR R PFEATIE L éfﬁfﬂ"‘f g’ﬁ ﬁ*fr g A s @ PVP Aok e

2 PVP - 50k i g 0 5 wi%) ™ it B AR FE R 4 A $C -
Zhu et al.(2004) "1 figid* 4 ‘% '10-15%am m*s AR o v =B 4 (sodium
hypophosphite, NaH,PO, - Hy0) i %38 & #| #'¢ = fefe = 7 4 » 2 PVP(polyvinyl-
pyrrolidone » K30 » 4 F £ 40000-90000)1% 542 %] » %17 4 (CuSO4):E &t 5 4F
Fod o R PR L S A 4T 30 A Ao H ¢ AT 2 A5k ¢ HE s PVP/ CuSO,
2 ¥ BN A F A o4e Fig 2.20 9555 L 3R [ 72 B kRS € A5 30-70
nm 2 BEF ; § E B A 7245 F £ 73] 10nm 2k 5 F xR L 135
B g @Y ZThA2 k3 0 0] % 150-250 nm s FR L 270 B £ 54
200 nm FrER AT o V- 3 G 0 XA S a2 E BRI SRS )
4k P d Fig 221 Vavs F 3B d 051 23 2 S ol d 6 56

nm T %3 12 nm; R B A28 Bk AP RIRIY A K oo AR ] R

Brpde 32 (T% 4 B ethoxyeth?r]ol ﬁf;““é% iefethoxyethanol ¥ ; 7 N4 0.2 wt%

d XRD %£5+ 8% 55 Scherrer formula #% & #7{8 2. — ==+ % /| (primary particle
size) °

Kapoor et al.(2002)14 UV =k pg &4 k& 53| (photosensitizer) = benzophenone(BP)
2 Frpladi kiR % o 124 gelatin & CMC(carboxymethyl cellulose) i 5 iF2E%] » 7 4l
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A KeEkS o F R A 5-20 448 0 1 gelatin 1T A REFH 2 22k b CMC
o T HE S 10-15nm 2 4F ke 5 A 020 CMC 175 AR E o 2 sp ks 4
% 30-40 nm - @ & * gelatin ¥ 5 %EHPF > 7~ F A7 7 benzophenone iR
IR LR

Song et al.(2004)4 % i* 4% (CuCly)-k 7% ;% 22 HDEHP (bis(ethylhexyl) hydrogen
phosphate)z_ n-heptane ;% /% /2 & %8 12 -] BF> Bk & 312 4% %3~ (Cu(DEHP),))
EFBo~5 400 L~ B RA NaBHa e > 7B R DK 60nm 2 4p+ - #
TEM B 5 4c Fig. 2.22 #7151 o * F 5% 77 1 H & 254% 4 2 7% #|4c n-octane #2
n-hexane ¥ 5 7 #4p » 2 %12 CHCl; & MIBK(isobutylmethyl ketone) (£ 5 4% 4p
Bl € IR i4pF 4 o

Ponce and Klnbuade(2005)# * SMAD ;# (solvated metal atom dispersion) % #
FolarRF o 22 AR 2 M A FApt G IR RY A kSRl
FOREPERE 5 6 ) F5 0 4 45387 * toluene > diglymé» THF % pentane % » H
S %] ¥ 20-45 nm » 72 toluéne (% 2 A2 TBME » 4o Fig. 2.23 17 « 8 & 4
2 Ullman reaction B|z&d F i {4 ’ﬁ’ IFLF }@,r s &k =t & Cu*/toluene >
Cu*/THF > Cu*/pentane > Cu*/dlglyfné""ﬁ { \Cu*/toluene 2 B R R Ad

BT RO E ARk o | '

Athawale et al.(2005) v/ ﬁ’% E'a kil’ ‘;,‘_Z CTAB(cetyltrimethylammonium
bromide, C;9H4,NBr)2_ IPA(1soproi:>anol),9 i Fli@  FELH 1 5-20 nm 2. % K Rk
3 e Fig. 204 #6702 ¥ Bk CTAB/CYY 200 & 6% > 8L & 2 i s 42 |
Ak Y S CTAB AiT i F B2 i@ v B R F Rf: x> -

d F A BE A R AT 5 55 R4 NoH, 22 NaBH, > £ 18 *
3B RARF AR AR F B Pl ARY FEF Lo ie T RRAF
L

3

TP 5 X% % 5 RIA A -

o5
il
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43.47
(111) JCPDS 03-1015
! Cu Copper
% 50.37
= (200) 73.99
= (220)
20 3IO 4IO 5IO 6IO 7IO SIO
2 theta (degree)

Fig. 2.15 Standard X-ray diffraction pattern of Cu. (JCPDS 03-1015)

[=r]
[=1]

e 4 ; 4
< =
82 82
g g
a9 30 J
40 50 60 70 10 11 12 13
Bath temperature (TC) pH
@B &\ J ¢a & )
Fig. 2.16 Relation between plating. condi eposition rate: (a)bath temperature;
(b)pH value. (0)CHOCOOH:bath andj_@)HCHHO‘-bath. (Honma & Kobayashi,
1994) ey " ol

wteic oy 52y

w=3"" @

| =10
ovs8y -
..

(b)

Fig. 2.17 Electron microscopy patterns of copper metallic particles synthesized in
Cu(AOT),;, NaAOT water isooctane reverse micelles at various water
contents: (a)w=3 and (b)w=10. [AOT] = 0.1 M, [Cu(AOT),]=0.01 M;
[N>,H4] = 0.03 M. (Lisiecki and Pileni, 1995)
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Fig. 2. 18 Transmission elecﬁon ‘rﬂicrﬁgraphs Q.f Cu' nandpartlcles w1th variable mole
ratios of water to surfaetapt W= (a) 5 (}b)ﬂ(l)l (c) 15; (d) 20; (e) 30. (Qiu et
al., 1999) ST oy [

s .
-
L ‘._0
- Y ¥
g EF ; e N .
., ; - - lu) "'- -. s ., :_ l_
X x: " C\':n;r'hp_aiﬁchs- ) L L ﬁ- ﬂ
- » ..C - x\ . . . .
(@) (b)

Fig. 2.19 TEM image of copper nanostructures modified by PVP: (a) nanoparticles
under 2wt.% PVP concentration; (b) copper 1D array nanoparticles wrapped
in PVP were achieved by adding the copper nanoparticles into a diluted
system.(Liu et al., 2003)
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- =T .-._h\,- = " -
© |EEN NV F O
Fig. 2.20 TEM photographs of duﬁw pared with different molar ratio of

PVP to CuSOy: (a)'3.'._6;}b) 7.2; (c) 135; (d)ﬁ.’zi). (Zhu et al., 2004)
il ; j—';"" ]':;n_-'j;E."TIF-f- L

60 T N T T T ¥ ] ¥ T T T
u
50 -
E
£
o 404 |
N
7]
[ =
g 34 -
o
g
g 0+ T -
\—--u————""
104 E
I:Ifﬁ . ‘1!0 . 1I5 ' 2.IEI ' 2!5 I 3I.(I
Molar ratio of NaH,PO, to CuSO,
Fig. 2.21 The relationship between the molar ratio and copper grain sizes. (Zhu et al.,
2004)
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(a) (b)

Fig. 2.22 TEM of copper nanoparticles obtained in (a)n-heptane and (b)n-octane.
(Song et al., 2004)

Fig. 2.23 Representative” TEM ) 1crog1‘é@h the ‘copper nanoparticles. The
Cu*/toluene sample 18 s (1wn (Ponce'k dKlnbuade 2005)

=

Abundance
-]

} -5 510 10-15 1520 20-28 530
¢ 9
( Diameter (nm)

5-10 1015 15-20 20-25
Diameter (nm)

Fig. 2.24 TEM mlcrographs of Cu nanoparticles obtained at Cu*":CTAB mole ratio:
(2)1:0.25; (b)1:30, and the size distributions are shown in (c) and (d),

respectively.(Athawale et al., 2005)
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23 2 Ky
# @1 T (Heat transfer fluids, HTF)&4p 1 ¥+ * 0 F R E2 A KR
BRI ER 2 AR AR TR AR X 4 30-90°C~400°C 0 - B F * ook s
b v = ﬁfi%a » fluorocarbon liquid ¥2 hydrocarbons % o o % — A& ;g8 2_ 41 8 E |4
Fig 2 4o 3R F(F HApDFME 2 £ 0 Gl 2542 1~3 B order)’
FHZ A BMAoSTARRGT Tl > B AL S AER R BT ER
%

2 5K 7748 (nanofluid) - (D’Aquino, 2006 ; Choi et al., 1995)

23.1 2N nAgentl g g

g k2 e PR M e g RS R AR SR L 1 K2
BOUH KBS S R 2 K s 2 A R Rk s F s E R
RKIE S §\~ A K IR REB- N2 s TR R R s 2 B deik T o /A Rk @ﬁﬁj

I EELFR TR EA S RN A e Y R AR
Fokiha o o pEie s 4 R0 e 4 ot (E b B 2005)

EAE e ST ﬁJ%@iﬁﬁL“’ﬁmﬁa%Aﬁf’\%i
Ris2 o4 s 3 EE - WA 2 *Wﬁﬂwﬁ’ﬁmﬁaﬁéﬁﬁ P B
(one-step method) 2 = 3 7% (two step rr}fthod s H 2 ﬂbE‘? PE N e AR N

F 3R R /&éﬁ s i R & rﬂ?ﬁgﬁ’a
R EEAI R A F

F_

=

i le'lf

Y
Wi
3

_Fiiﬁ"l%?ﬁéif]t%cﬂﬂl’ﬁv ,?,”LH r'ﬂf*%‘
= HFBE R F L R T PTI
B Aadrwinge > LRI F PRI EATE SRS A AR

AACPERRE R e A RO 0 G RN ATE LA W o (Leeetal, 1999 5 %
2 iz > 2005)

& e s o B RATE EH A E R-H

Akoh et al.(1978) i * VEROS /Z (vacuum evaporation on running oil substrate)
wWaz B iFr s B %A BlioFig 2.25 #7on @ bt Tics 45 - 4
gﬁ%ﬁﬁ%?yﬁgé N E P T F A B H ZFE o F 4 &~ ansilicon oil

PR S KRR T F 510 wt% 2 AT 2.5 nm 2 2 K £ R IER o p 2
2. F i 5 X 170-240 mg metal/min > H42 82 A4 ¢ MR > © Foac i ¥ MER
B AR

Lee et al.(1999)12 gas condensation ;# L & ! Al,O3 &2 CuO 2 % + /i df » H

% ik e o fR oo 05 # AR E (Transient Hot-Wire Method) € B 2 44 i% 3 7% dc -

I 22 Hamilton-Crosser model (Hamilton and Crosser, 1962)2_ ¥ B & % b fie o B %
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FIRAE R B AEER S fé.f“a'*c AR AR S 0 4o Fig. 2.26 9t 0 2
ALO3; 2 2 KM B E G B E Rl E B IR EHRIT A5 CuO 2 Find2 £ B
4 SEIERE > BBR TS D ALOs £ 3 % 3 % (50-100 nm)* 2 ME_: &
CuO 5 # ] (30-80nm) » = 7 it 53 2 F it % 22 drf o

Choi and Eastman(2001)# * #f iz VEROS &1 ;2 ®l &% 41 2 2 X § i 48(grain
size 3nm)Z_ % X ;n48 > & & * inert gas condensation(IGC);* ® # ! 18nm 2. 3 ¥
ArEr g 1V4F o B2 A ATRkY 0 24 Vol%Z K F V4R VT Rl g
EREEL920% 1 > 7 SVol%aF v #2940 %> et > 2480 4 AR
LU BRI S SRR 1 ﬁj@ﬁ‘x‘%%m@&?ﬁ e

BAES (2002)4 45 £ KRR Bl na o B F A PR BT hF R ok

BF R s A ‘5‘5#5‘ e 3 J”J‘ﬁf FokF 2o e 2 k2 4B E
R Fl o 3 R FAT A3 A B ikd 2 kS 2 F P FH 2 dispersion #

€ iE S A By ndg A oo Tk T #‘%ﬁ{ﬁi | (dispersion model) £ B 4p in 2_ #h 2L
%@i~%ﬂﬁﬁfmus%iﬁi*%m@ﬁ?m1ﬁﬁ°

F p* (2004) B pldEE ok o B @%—ﬂ&am &~z A8 F ViR
F L RTR THFE B l“ﬁﬁ% “P"’“ﬁy’ﬁﬁ"l Y BB as epsy Mapahz
ﬁm@w’ﬁ@%mﬁgﬁ%Wﬁt*%%% faing s e eprent
SRR A FTRGE 0 I BORGR f e Fe304 Wl RS 6 BRI
B E G “xi—g@i%mia i ”Lri@{ ‘v e R B R T e o 1 R
L jw‘g'%c B ERE Y Y S é@n@%&ﬁxg&% Fh oA e

% (2004) 12 1 H3R Rz G E H3-100nm 2 2 5k AT o Bz Adrhoke
ﬁltx Ao RAE o TORIEH B KK 34 % e B IER E A £ I RUME
F AT @R BT P RO AR A2 B B AR i T o
BH34 % a AER RAkY 2 e g b AT HEL o m & R R e
Fig. 2.27(a)#t7F > & F]Rg 54 & £ 3k € FAgR * hf & > 4 Fig. 2.27(b) » &
WG A A R R de o BN IERR A B -

# 2 1=(2005) 12 B 7 9% 2 (Submerged arc nanoparticle synthesis system,
SANSS)® # & ¥ 80 nm 2. ¥ i“ 4 3 /i8> 2 R 0.8vol.%pFv 8 v i@ £ B | 1%
et AT 22 %o Byt Z KR TR R RS kIR FIRF KRS SR
ﬁrﬁ T LR ARES BRPFELS TG 0 P T F IRk A ik 2
R F kT o

Tsung et al.(2006) &_gas condensation ;= ® % ZnO 7z /48> = ;& 7~ § 8 &1
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B BoZn A EH E R 4 grE § 054 50200 nm 7Zn0 F A A A
SRR IFHZn0 2 K iAo £ipl & pH @7 o zeta potential 3 RHE ¥ T =24
4 pH87 4 » @ Gttt ki T zeta potential 4 20-30 mV » # FEHl & 2 ZnO
SRR SR LRSS O

Singh and Raykar(2008), fiii i (microwave) @ % Ag-EtOH 2. % s /48 » H
# 7 4c 3 IF k& £ PVP(polyvinylpyrrolidone) % & i3 |4 & ¥l » 3 A 4203
Fo ] 9 30-60 nm o 3 RA B e 4o B R R PIE R 3 de 3R 8 S
be v @ P PVP 2 kR A @ Gl e B A DM G

Qil reservior
T — R.P.

— = =L —0il
‘_,x.l'l.l'lutur
Rotating disk % r Rotating axis

=

= vacuum seal
e 0 ;%# Rotating Axis
ézgzﬂ_’jﬁ — Work Chamber
\\“/y L 1— Container
et . ﬂ__,lOiI with super fine

—a_ 11 E
o . =2 particles
.___;-'-

= ! '"T-:Ux

! 1 1K ]

Cru-::ihleLHl‘
Power supply

|

D.P.

Fig. 2.25 Experimental apparatus of VEROS method. (Akoh et al., 1978)
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1.50 ]

—&— water + ALO,
—&— water + Cu0
~—&— ethylene glycol + ."s.lz\[:l3
ic 1.40 | @ ethylene glycol + CuO
g
8
o 1.30
=
2
2
a 1.20
=
i
= 1.10
1.00 . L I I S T
0 a.01 0.02 0.03 0.04 0.05 0.06

Volume fraction
Fig. 2.26 Enhanced thermal conduectivity ofoxide nanofluids system. (Lee et al.,
1999) = -

(b)
Fig. 2.27 The flow observation of the bubbles growth during the boiling of (a) water
and (b)nanofluid under 1 atm with heat flux of 42,000 W/m®. (B %¥ >
2004)
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232 7 K in AR g B3 e

§r B FRR SR BBIRIEG AR Y EMAES SRS A
O RR OB B R BT BRI <) ke FER AT B T
T % 2¢) > F]p Keblinski(2002)3#% 41 7 = B 54 o ER R TR R SR N P iy

g
2 L BT

a. ¥ % i& # (Brownian motion)

P iE ﬁ""‘#pﬁ%*——zﬁm g ¢ gﬁfﬁtm s SRR D N E - RERIE G e
4 23853 5 FP AL R F it a LE S e o P AN RRRY ]
Rb e T freni FlopF+ LRI R =8 o8 E ¢ TR RAhiEH > I

/5P > ¥ 2% Stokes-Einstein ™ 4% 3% 2_ #5471 % #c(diffusion coefficient, D)% 7+ :

__kT 2.1)
3rnd -
B¢ DL AU - mN - §) ks 4 w8 Bl(I38* 107 I/K) > T4 8 & (K) » 1
5 ARF BN - s/m’) b dS B )« 4 AR Bog Ao AR AR P

-
EH i F A e S A ; 1

Jang and Choi (2004)7%4& ! f T!# LA R )
EAERE SRR i 1 EE“W R A i 4&75 R A
F oo g S A f it At %iﬁwa PR TH R AR 0 g R
Bk AR o B R R i B L R AoFigl 208467 1 3 F kF enfp 3
FLgg AT ik vt bR T OLvE (mode 30 AR R L ) 0 ¥ b 3 A F B egp
I pidE(mode 1 ¢t 5 Yk 2 A @ % i) ~ ko P 2 # B(mode 2) 0 @ R E & D
AR A F B3 AR B o gy 7ig & o @ (mode 4) o F AR IEE PEFH £
FHRAA 2 4B o SRR O - MR A Y B T g BB H Rk B A
AR FI R G e o (F 40 2004)
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Fig. 2.30 Schematic diagram of transient hot-wire apparatus for measuring thermal
conductivities of naﬁbﬂuids. (A/D = analogsto-digital) (Lee et al.,1999)
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Fig. 2.31 Experimental apparatus of steady-state parallel plate method.(#% & # > 2002)
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Fig. 2.32 Different stability for the electrolyte A,B, in a pA—pB diagram. In the

different areas the following phenomenon may be studied kinetically:
dissolution, seed growth, heterogeneous nucleation and growth.
(Reproduced from Nielsen and Toft, 1984)
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Fig. 2.34 Segregation index (Xs) of different types of mixer. RPB means rotating
packed-bed. (Ft & 7* > 2004)
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Segregation index, X3

Segregation index, X5

Fig. 2.35 Dependence of the segregation index (Xs) on the rotational speed in RPB-2
and the SDR. Liquid flow rate: (a)260 mL/min; (b)900 mL/min. (Chen et al.,

2006)
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Fig. 2.38 Simple structure of rofating packed-bed reactor ([ £ % > 2004)
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Fig. 2.39 Simple structure of spinning disk reactor (f& % #* > 2004)
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1. Stirred tank 2. Pump 3. Valve 4. Rotor flowmeter 5. Distributor

6. Packed mmmr 7 Oullct B.Valve 9. Romr flowmcrcr 10. Inlet

A - % B o
Fig. 2.40 Schemﬁﬂ}q@%&ﬂe@pﬂc&n et al., 2000)
140nm !

(a) (b) (c)
Fig. 2.41 TEM of (a)calcium carbonate; (b)aluminum hydroxide fibrils; (¢)SrCOs
produced by HGRP. (Chen, et al., 2000)

M 20KV 2 4aM 19KV 16

(a) (b)
Fig. 2.42 SEM micrograph of needle-like CaCOs particle under different CO, flow
rate: (a)50 L/h; (b)200 L/h. (Wang et al., 2004)
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Fig. 2.43 Schematic of spinning disk reactor (Cafiero, et al., 2002)

Fig. 2.44 SEM images of (’a) CaC€D3 Oyaéynthesmed by HiGee technique.

(R 8480 2007) o AR e
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5 ik . -
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Particle size (nm)

(a) (b)
Fig. 2.45 (a)TEM micrographs and (b)particle size distribution of Agl produced by
Higee method. Operating condition: L1—L2—500 mL/min, [AgNO;]=[KI]=
0.05 M, N=4000 rpm, PVP=2.5 g/L. (% &% - 2010)
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Fig. 2.46 FEG-SEM micrographs of (a)Mg(OH), and (b)MgO produced by Higee
method. (5% & & > 2005)

Fig. 2.47 TEM image of co&er Bﬁidemgno u;sy%esiked with rotating packed-bed
reactor. (% £.EX% - Zﬁg@:{‘? '

1002 KR~ 440 377 ER
i 46A 1 T ER([
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145 [ [lfgy 50: 57~ %4 RE

16 © fEih IﬁF
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Fig. 2.48 Reactor for preparing nanoparticles. (> 33 7. % > 2006)
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W, e
(a) (b)
Fig. 2.49 TEM images of silver nanoparticles with (a)PVP or (b)HPMC as the
protecting agent by continuous operation. (3% £ 4 » 2008)

F e (b)
Fig. 2.50 SEM micrographs of SMZ:*(a) sample as;received, (b) produced by Higee
method. (% &8 > 2007)

(a)

DR M Disk
Diztribautors

7 o F
II]I]H]I | — =

\u i
Higha rotameter

= g 2 Mcm [ —
Tarnk C | | Tank & |Pump Tank B | Pump
‘ -
(a) (b)
Fig. 2.51 (a)Schematic diagram of the SDR and (b)the circular liquid distributor.
(Chen et al., 2010)
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(a) (b)
Fig. 2.52 SEM micrographs of (a)PAS (p-aminosalicylic acid) and (b)GBM
(glilbenclamide) produced by HiGee technique. (2 # % - 2010)

Parﬂcle-'size (nrr;')
| |

- 300 3%0 460 4;0 5ll)0 SFI)O SCI)O 6.‘;0 ?60 ?éD
T HCI 1Iowrate (L/hr)
@ =N L7 )
Fig. 2.53 (a)SEM image of'benztm:' ac rtlc‘ﬁ’.!s ungle"'t HCI flow rate of 400 L/h;
(b)influence of HCl ﬂow*rate. ot ithe mean particle size of benzoic
acid.(Chen et al., 2004) o7 57 E

(@ | (b)
Fig. 2.54 SEM image of (a)commercial and (b)nanosized cephradine. (Zhong et al.,
2005)
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10

1, 2: Storage tank 6: Spinning disk 10: Nitrogen cylinder
3: Pump 7: Reactor chamber
4: Flowmeter 8: Collection tank
5: Liquid distributor  9: Motor
(a)
u'_'-_"hr i -

Fig. 3.1 (a)Experimental apparatus of continuous operation mode; (b)operating pattern
of the spinning disk reactor.

53



3225 FMER R UK kT
ARG EHETLRRA L E ﬁ;’%ﬁt:", Cuttz v & 4 (7% A= doF ot o A
FEMEBELE LT L LHCRO)LiE- BRI Cu'r P FF N4
2Cu** +C,H,,0, +2H,0 — Cu,0+C,H,,0,” +5H" (3.3)
Cu,0+C,H,,0, - 2Cuy +C,H,, 0, + H* (3.4)

H¥ 5 Eq.(3.3)F il Eq(34)F it F R E & o

a. & AT &=

VA F R R F S RGE £ hF g > A9 5% Cu(OH), & CuO 1% 5 4 3
FiRo @A FRY R RR Tl BN R Y T AR L R
%o P % 2. 7 1 W4e Fig. 3.2 %4 755900mb 2 & 3% ¢ 5 Cu(OH)(# Cu,0)
22 glucose » > 10 5 4c ~ % Tk A100 mL Z_ NaOH ;3 7% ; & pF B4R il g 1Y
2.5 um iR A F B 4§ T RMEA F 1 XRD AT B o

88—

b, EEAALE 4 AR 5% ilu ""; uj“

Ea- I S 4 @L(zolop A ﬁrﬁ" SO AR T ARE R R T
TR RS ﬁ%}\iﬁmu téFI@*—‘ S 4o Fig. 3.3(a)2 BB A
£4OEEW R 5 Bt L - 6 'EF/%E? ()t 2 bk o T
EESE R BB QT ABARERN 2R k@) BT S
MBREREF A BRF(12)8EN30emE TR F BELF FAE
FREPM WEReMRBELBFAD) PR F BENNEF AR TER
LB PR S 35 cm HAps A ) 2 in g 2 AR R4 Fig. 3.3(b) 5 E#'g
BE R R

O RPIFHRFEEPN PEOE R KR P FRERE R 4o Fig.
3A(@)sroF f Ry RpTERA G T F RERMA T LEA T, F Ik
RER G T R SRR EPESZ BB R o T B2 T
MEERE S BER(TY M ERFOEREFEL Y LSom > B2 44 3%
RlEmER 2  BAREEG R CAFRBLTEELEE
BOER T &Y L BEREEE RS % 4o Fig. 3.4(b)# 1w >
B BN IR R T A A 110-120°C 0 4G R B BT A Al

54



85°C» iR A F ER A v B A F X T6°Co A & £ 5 0.5°C) &t 5T
BRNAE Y UE BB CEAR(T)REF REFSER -

%+ Fig. 33(a) > fefl § 433 2 & ot Cu(OH), & CupO B i i 3520 ik
Bl F4er RS T E A F REEHEF VAR RETERQ A F
Reidite A BT ER P HRB LT LB E S BB A Bk RS
RARFARINNTER I PFREAF § 2 4RFT8F BEZ By
ML R ()R B R SR A ATE O I 6 (6) 0 PRI R
R AR RS NS R RPN F AL (i E A
) (Cu0) > F R d F e ET S AL R (DS AF 2
SAE B L BHMQLEF AR RARE T Mm 1 (1)22 ek
B r i@ﬁﬁaﬁ%fﬂﬁiﬁi TR PERY O gL pE I\»hi’ CEAREF o F RS J\/Ii’ LRl
ﬁm’%ﬁﬁﬁu\%%~ﬁ@@’?@ﬂ%%%°&ﬁ%i%ﬁ44%Wm
2 Bl4c Fig. 3.5(a) %77 o

TF TR R LT ¢ F RN IR AR R R %
PR3 E 5 2010) HEET § '%Mo’@b“}b WP BB P EFRRR
eﬂ*ﬁﬁzﬁﬁ ar TIEEE Rl R ) nﬁ?i&ﬁma%% L R
FHER - R ek @%a/fé%ﬂw PG 5 R FEF R
T & 4 L% F fis(Browning) rzii ﬁ‘%ﬁ"ﬁf@“é COR T T T VRN
MR AT SN ’ﬂ"

w

T o) FpAeT
Bl TR R g AT KRR S00 mLo b r FF RS A 6~
(1) 45 Tk & 2 NaOH -k 73 % 500 mL % ** 5 (2) o = 7% % & % B~ 4kip| pH
o T4 TR ERA Y o
2. WA F B ~ 80-85°C 2 F T ok R EBF BELEL AT
TER R MRk o RFLEL U ASE
3 bR ARSI BEE F A2 B F(1)RELE R > F BE2F F
60°C 11 b v B iR i b A A EB(1]) # F B ?5?‘95'—&3’&%& 110-120°C-
4. ¥ F iR MBS R3m » R F RBEFF o ]\,,g,,, vk (1)2 &
FOBZ R QL E F IR )RR ()
BEFSFTERI PR -
5. @0 it w i (1) 0 IR iR pH & > P~4% 02 11000rpm # 3¢ 4.~ 10min -

—

55



CuSO4 5H20 °

LS PR EFRT S oMY B 9 L1 B 2 AT ko 84
TRl B RIREOITIK 0 AR R RIF R WS R kA g £ A s
A o L ggi# 11000rpm #es 10min o e 2t # (L £ - =%

R B2 P REFRI DR EY BOAMI N I2E FAECE A
FRETHR 2 AHTR R o S IRDE RS G A Y TR AR
Al B~ iR o % 2 182§ S Peid o 12 dEiE 11000rpm & 10min o
PREFRIR RSP RRC AL - AR F k- -

CRCR R AL T e BT R RS

BIFENARE S AT &

EE ok - Eerib2 FEER 0 22 3 FE SDR 2 i ;F",,zlﬁ{/g
o £ AP AR T - R ;b’:’dﬁa‘#ﬁ?ﬂ# S - SR N
7 & Bl 4e Fig. 35(b)“r—r 2 *ﬁE@ﬂ‘m £ E‘ 1: FT':% .; 0.2 L/min » ¥ &4~ #c 4

,r i

ot

.7.

HaOH
100mL
Nz—'
Tanl: & (900mL):
CulDH)z (or Cua)
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Fig. 3.2 Experimental setup of small-scale test of copper reduction.
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10
1, 2: Jacketed tank 6: Spinning disk 10: Nitrogen cylinder
3: Pump 7: Reactor chamber 11: Far-infared heater
4: Flowmeter 8: Constant Temp. water bath 12: Heater tape

5: Liquid distributor  9: Motor

reactor chamber wall
e

far-infared heater

(b)

Fig. 3.3 (a)Experimental apparatus of high temperature operation mode; (b)the
appearance of the far-infared heater related to the spinning disk reactor.
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Far-infared
heater Spinning

_\\ =
n t

r. A

i o

- |

Ligquid inlet

Ts: Temp. of the disk surface
T.: Temp. of the chamber
Ti: Temp. of liquid inlet

To: Temp. of liquid outlet - Liguid outlet
at)
0 W‘/‘
100 F
O 2
£ 80 S
g
>
© 60
o & Tc
E 40 F
[ —A-To
20 | —o—Ti
¢ Ts
0 1 1 1 1 1
0 3 6 9 12 15 18
time (min)
(b)

Fig. 3.4 (a)Positions of thermometers assembled in the high-temperature spinning disk
reactor; (b)changes of temperature with time at different positions of
reactor.
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Tank 1 Tank 2

; +
A: Cu(OH); +PVP SDR B: NaOH (500miL)
+glucose (500mL) : ;
0.8 L/min 0.2 L/min
&
(2)

A: CUSD4' 5H,0 B: NaOH (500 mL)

+glucoset pyp

(500 mL)
- N
= ot . *’.-' e
Fig. 3.5 Operating dlagram fofgpbmltﬂl w1th~'b (a)recycle mode and (b)
two-stage mode. -f'i ' = ¥

k=
. -".r—-.ﬂ‘ JEe)-
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b. (D& 2o wiz gl = ¥ 1 4F
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23 R F
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2(aq) (aq) 2(s) 3(aq)
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Cu(OH), —“>Cu0,, +H,07T (3.7)

2(s)

S 2 hert TR N erd > d b K $r NayCOs £ sl 2 Cuy(OH),COs 0 1 4
F 3.2.1 &2 Bq.3.2 #2 %% 3 500°C 2 CuO :
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=
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HES 2 {0 TR B R a’%g;ﬁ%ﬁ, sl e T7659C 4L S A T
BF g e 2 g F kS0l 2 T W] CuOR ¥ -
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Tank 1 Tank 2
CuzC 1L HHCs 11

Eeaction
in SDE
A
Cugyy + CuOs);
slurry
Centrifugation}_;. CutlOs)z
supernatant

Cu wet solid

:

‘Washing
+Centrifugation

+Drying

Fig. 3.7 Flowchart of copper preparation using nitric acid as reductant.

62



Tank 1
CuTOs); Tank 2

supernatant NaCH solution

Eeaction
in SDE
Tank 1
Cu(OH)2 Cu O3], Tanlk 2
slurry supernatant ManCO4 solution
l Waste Eeaction
liquid

CulCH) wet solid Cuz(OH)RC O,
l slurry
‘ Eedispersed in .L
e Centrifugation
l +Washing

Cu(OH)z suspension

‘ Stirring and Heating to 65°C ’

:

Cu slurry

}

Centrifugation
+Washing
+Drying

'

+Drying

o

e

F
il

Cuz{OH)2COs powder

.

| Calcination to 500°C

(a) (b)

Fig. 3.8 Flowcharts of the copper recovery process: (a)method 1 and (b)method 2.
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salﬁp,le of (%u;@ Cu (c)Cu(OH),; (d)mixture

Fig. 3.9 XRD patterns of staﬁ%i_
of 60 wt% Cu(OH), a
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Fig. 3.10 Calibration curve of XRD peak intensity ratio to weight ratio of standard: (a)
CuO and Cu mixture; (b) Cu,O and Cu(OH),.mixture. (m)Cu; (4)Cu,0;
(A)Cu(OH),
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2006) -k ~FpE 2 ¢ = Fh2 B8 BdA B 5 0.59840.170 2 0.256 W/m-K (Lide,
2007-2008)

Fig. 3.12 Measurement of thermal conductivity using the thermal properties analyzer

(Decagon, KD2)

70



Frd rORREF REUGS CHR kRS

ATl BRUEF 2T RSSO E Y I L ETREAR
Tt kB ~FpH &~ @G HE 2R E 38y Ltz @ o Tokeer
CEE R T EE R SR R SO PR LY TR

B o b e

4.1 F ud )k Bx

BT AR R TR R FRE O FR2ZE A NG ETRRETER 2
FR®RET dro FOedr R RO MR P i e R 0 A s S L SR
AnFES PR F AP RS A B A S g G RE RO B(Taietal,
2002) e @ 2 oo AR E A GBS F AR B PE  RR Y F AT
F B 23 75 #i(Tai et al., 2006&2007) : E3ER & B B2 P 5P o &orid 2
PRl kRS A ARalEe T 7 BEE G 48 < B

43 AF o s TR E G 0 ﬁ%sv‘ ﬂ/’l"‘c e e AR T =S S A 1
¥ & F (A ¥ CuO £ /3% Cuo -é)*vg 90%u o Bt R & % Boft CuO
WP ﬁ%%ffwnaﬁfﬁf %ﬁgﬁﬁmfl Y
& 4000 rpm> & £ fedmin g (Dys P)‘LJX I £ 02 L/mins £ fis CuSOy4- SH,O
# NayCO; 2 sk A v+ & B, 311+l i it s § 0 [ 1% & izt 5 i 7L
BHUAHGE Y hed § l“iﬂ\éﬁiﬁ&ﬁfﬁ? s HJ@ BB AR T E T
ol e F o iR ol ot 18 A &R i 5 3 % (Tai et al., 2006&2007)

B F ERERD 001 M3 040 M 353 kRS F Mpk m i B e &k
M TRARZ T A - P2 0.0l M ARG S RE - 222 0.01 Map
P F s 2 ﬁ;‘r‘é VSRR IESHE S CuO AR G 040 gL FEAR L MBI
FIr AP el o BB RA R A2 4p 0 PIAd 3 CuO 2w Btk 7 7 & ¥
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Table 4.1 Effects of reactants concentration on volume mean and number mean
particle size of CuO nanoparticles. Other fixed operating conditions:
[CuSO4 - SH,0]/[Na,COs]=1, N=4000rpm, L;=L,= 0.2 L/min.

[CuSO4 + SHO] Volume mean size Number mean size

Run No.
(M) (nm) (nm)
080717a 0.01 56.7 442
080407a 0.05 60.3 45.7
080124a 0.10 63.3 48.3
080326a 0.20 94.3 63.7
080326b 0.30 122.3 75.3
080328b 0.40 167.2 93.2
180
160
140
S 120
S
@ 100
()]
- 80
®
(b
60
40 |
20 |
0
0 0.1 0.2 0.3 0.4 0.5

[CU SO,4-5 Hzo] (M)

Fig. 4.1 Effect of reactant concentration on volume mean size (4) and number mean
size (m) of CuO nanoparticles. Other fixed operating conditions: [CuSOy -
5H,0]/[Na,COs]=1, N=4000rpm, L;=L,= 0.2 L/min.
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volume (%)

10 100 1000
diameter (nm)
(b)
Fig. 4.2 (a) Differential and (b) cumulative particle size distribution of CuO under
different concentrations of CuSO4 - 5SH,O. Other fixed operating conditions:

[CuSO; - 5H,0)/[Na,COs]=1, N=4000rpm, L,;=L,= 0.2 L/min.
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=100.00 K X EHT = 5.00 kV
= &§mm Signal A = SE2

(2)

Mag 100.00K X EHT = 5.00 kV
WD= 5mm Signal A = SE2

Mag =100.00 KX EHT= 5.00 KV
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Fig. 4.3 FEG-SEM micrographs of CuO nanoparticles under different concentrations
of CuSOy - 5H;0: (a) 0.1 M; (b) 0.2 M; (c) 0.4 M. Other fixed operating
conditions: [CuSOy4 - 5SH,0]/[Na,COs] =1, N=4000rpm, L;=L,= 0.2 L/min.
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Fig. 44 XRD patterns of " Cuo handpartllbles under “different concentrations of
CuSOy - 5H,0. Other fixed bp@lbg ¢0Ind1t10ns [CuSOy - 5H,0]/[Na,COs]
=1, N=4000rpm, L =L,= c] L/min" | |

m I |

Table 4.2 A comparison of crystallite size of Cu@ nanoparticles determined by the
method based on Debye-Scherrer formula using the XRD patterns and by
the dynamic light scattering analyzer under different reactant
concentrations. Other fixed operating conditions: [CuSOy4

5H,0]/[Na,CO5]=1, N=4000rpm, L;=L,= 0.2 L/min.

Run No. [CuSO4 - 5H,0] volume mean size  crystallite size
M) (nm) (nm)
080124a 0.10 63.3 11.3
080326a 0.20 94.3 15.8
080328b 0.40 167.2 20.2
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[Cu®"](mol/L)xyield(mol of CuO/mol of Cu*")x
0.08(kg CuO/mol of CuO) 4.1
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454 nm -

Table 4.3 Effect of reactant flow rate on CuO particle size. Other fixed operating
conditions: N=4000rpm, [CuSO4 - 5SH,0] = [Na,CO3] =0.10 M, L;=L,.

Flow rate (L;) Volume mean Number mean Production rate

Run No.

(L/min) size (nm) . size (nm)  (P) (kg CuO/day)
080124a 02 = 63 T G 18 221
080423b 1.0 G0 50.7 11.52
(= 4
080423a 1.5 | s || ghsa 17.03
(oA | :
080428a 2 Y|l &7 | 463 26.26
. | \L !i :
080428b 3.0 42 S 445 34.56
080514 5.0 74.6 51.5 54.83
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Fig. 4.5 Effect of reactant flow rate on Volume mean size (4) and number mean size
(m) of CuO nanoparticles. Qtherfix€d-operating coriditions: N = 4000rpm,
[CuSO;4 - 5H0] = [Naz€O;]/= 0.10 M, L=La.
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Fig. 4.6 Cumulative particle size distribution of CuO under different reactant flow rate
of tank 1 (L;). Other fixed operating conditions: N=4000rpm, [CuSOy -
5H,0] = [Na,CO3] =0.10 M, L,=L,.
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Table 4.4 Effect of disk rotation speed on CuO particle size. Other fixed operating
conditions: [CuSO4 - SH,O] = [Na,CO3] = 0.10 M, L;=L,=1.5 L/min.

Rotation speed (N) Volume mean Number mean Acceleration

Run No.
(rpm) size (nm) size (nm) (gravity, G)
080526a 500 793 " 53.2 27
080526b 1000 6248 48.0 109
080613b 2000 63.2 483 436
080527b 3000 160.1/ : 45.7 982
080423a 4000 | 353.3 (| 454 1746
| | m 1,
90
80 |
E 70 |
£
Y
C
©
Q
g S0 .\I—_'\._.
40 |
30
0 1000 2000 3000 4000 5000

rotation speed (rpm)

Fig. 4.7 Effect of disk rotation speed on volume mean size (4) and number mean size
(m) of CuO nanoparticles. Other fixed operating conditions: [CuSO4 - 5SH,0]
= [N32CO3] =0.10 M, L1:L2=1.5 L/min.
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Table 4.5 Effect of pH value on CuO particle size. Other fixed operating conditions:
[CuSO4 - 5SH,0]=0.10 M, L;=L,=1.5 L/min, N=4000rpm.

Run No. Tank 2 slurry Volume Number
Na,COs3 NaOH pH mean size mean size
M) M) (nm) (nm)
080423a 0.10 --- 6.18 583 45.4
080707a 0.15 --- 8.33 163.4 79.7
080617a 0.20 --- 9.54 185.9 108.0
080617bN 0.10 0.05 8.00 149.3 72.9
080707bN 0.10 0.10 9.66 152.0 81.6
100
90 |
80 |
_. 70 F
S 60 |
e 50 |
= 40 | —A—080423a pH6.18
>

——080707a pH8.33
—e—080617a pH9.54
—8—080617bN pH8.00
—¢<080707bN pH9.66

10 100 1000
diameter (nm)

Fig. 4.8 Cumulative particle size distribution of CuO nanoparticles under different
solution pH. Other fixed operating conditions: [CuSO4 - SH,O] = 0.10 M,
L;=L,=1.5 L/min, N=4000rpm.
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Fig. 4.9 TGA analysis of CuO precursor for Run 080124a.

85



O 500°C

intensity

2

‘»

c

Qe

=
20 30 40 50 60 70

2 O O (c)

‘0

c

g O

c

" : L1 | N NS N Y
20 30 40 50 60 70

2 theta (degree)

Fig. 4.10 XRD patterns of (a) precursor sample of Run 080124a calcined under
different temperatures; (b) JCPDS#10-0399 for Cu,(OH),COs; (c) JCPDS#
05-0661 for CuO.
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Fig. 4.11 FT-IR pattern of (a) the precursor of Run 080124a; (b) Cuy(OH),COs;
reported by Nyquist & Kagel (1971).
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Fig. 4.13 TEM micrographs of (a) precursor (b) CuO particles of Run 080124a.
(scale bar =50 nm)
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Fig. 4.15 The zeta potential of CuO dilute suspensions at different pH values: (a)
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5% 8 (keff/ko)ﬁ 1.108 » Jwo et al.(2007) % 1.096 » # & i=(2005)% 1.055 » L3+ &
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Table 4.6 The pH value and zeta potential of the nanofluids with various solid
contents tested in this experiment.

CuO Conc.  [NaHMP] wt ratio Background  pH value  zeta potential

(vol %) (2/100mL)  NaHMP/CuO ko (W/m - K) ) (mV)
0.01 0.2 3.12 0.646 6.66 -59.8
0.02 0.4 3.12 0.650 6.66 -51.3
0.07 1.4 3.12 0.660 6.64 -37.5
0.10 2.0 3.12 0.668 6.68 *
0.20 2.0 1.56 0.668 6.70 *
0.40 2.0 0.78 0.668 6.67 *

*The high solid content turned the sample solution opaque so that the zeta potential
could not be measured using the dynamic light scattering analyzer.

Fig. 4.16 TEM micrograph of CuO in CuO-water nanofluid.
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Fig. 4.17 Comparison of effective theérmal conductivities:measured in this study and
that reported in the literaturei(m)this study, (@) Jwo et al. (2007), (A)
Hung (2005), and ealculated-values from Eq.2.2¢(--).
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Fig. 4.18 Number mean size of CuO particles in CuO-water nanofluid under different
CuO content.
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Fig. 5.1 XRD patterns of Run 051024 product under different time: (a) 30 min; (b) 1
day; (c) 10 days. Positions corresponded to (%) Cu,O and (O) Cu are marked.
Operating condition: L;=0.8 L/min, L,=0.2 L/min, N = 4000 rpm, [CuCl, -
2H,0]=0.02 M, [glucose]= 0.1 M, [NaOH]=1 M, at room temperature.
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BeAr F e 2. % 4o #rif © 9 Table 5.1 22 Run 051216-1~3 # » 3+ 80°C T »
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Table 5.1 Operating condition of small-scale test of copper reduction. Fixed condition:

[glucose] = 0.05 M

Run No. 1 L Slurry pH of Temp.
Reactant in Tank A [NaOH] product (°C)
Cu source Conc. (M) (M) slurry (-)

051216-1 Cu(OH), 0.010 0.05 11.1 80
051216-2 Cu(OH), 0.010 0.20 12.6 80
051216-3 Cu(OH), 0.010 0.50 13.2 80
051216-4 Cu(OH), 0.010 0.50 13.2 60
051216-5 Cu,O 0.005 0.50 13.4 80
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Fig. 5.2 (continued)
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(e)

5.2 Changes of product composition with time of small-scale test: (a)Run

051216-1 with pH=11.1, 80°C; (b)Run 051216-2 with pH=12.6, 80°C;
(c)Run 051216-3 with pH=13.2, 80°C; (d)Run 051216-4 with pH=13.2,
60°C; (e)Run 051216-5 with pH=13.4, 80°C, and Cu,0O as reactant. Other
operating conditions are listed in Table 5.1.

(A)Cu(OH);; (#)Cu,0; (m)Cu.
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Mol dr2 BRFERGENR F RFFRE Y F RERRS Aot - kT AR
T F R REE AR o ST WL - BEDYRR Y e N AR
Hevtppd o B2 F g 54 82 R ARE s Faomi R § - PVP(R
& Wi etz Ak, polyvinyl pyrrolidone) & L& 2 K 4ApF ¥ * 2 kA 0 B R 2
N &40+ 25 2 45 P H g T 21 pR4AT 1) 2 = WIR G e+ B ahp i 1o
EDH EEE A ARREA TR 0 F },@Fﬁﬂl‘ 4v 3 55,000 22 PVP 2
%3 72 % & HPMC(hydroxypropyl methylcellulose) ~ starch % % 2% > ¥ r2 {8 3 &
g (Tai et al., 2009) % 35 (2010) 142 £ 4 % Sl & 1 419% - i3 % PVP
< v @I g o b PR (gelating 77 8~ GLH OIS F % 2 i 40 H] > Kopper et
al.(2002) 12 UV 2 @ % 4 fokpF 4o apgelatin® 2 &% ) 10~15 nm g3 o d L &
oo T -l R A D Fo S g AN E R R ch
o ’M—Jﬁ”* ﬁlﬁi;“:};%it,l‘la‘%ﬂ AT Glde NRHEUR F 2 F R(2 M F 0 2006)

KF L AR Rl CalOH: 5 COg A AT (R S48 0 2007) - e piiE

i e A 2 R A L""%#ﬁ‘h‘—ﬁ = VAT RF iR iR P 4 PVP
£ gelatin » I 7 A A 4 ViR ' "‘ “

REA LR FKRILF @«f"k?{d Table'S 1 2 Run 051216-3 %3t &
bR R E B AR /H*"#su e RIEA LF et kR R el
i &% Cu(OH) ik B 5 0.02M"glucose 2 0.1M NaOH £ & 5 1 M; 7 ¢ »
ik i RE2Z B HE 4000 rpm M ER AR LT BFHREF L L IS A
480 3B A F o SDR Il v 2 jf(zfi’ B & (T,) 5 78 °C - Cu(OH), £2 NaOH 3 % it &
Li~LyA %% 0.8 1L/min 2 02 L/min > @ 424 »# B 7 & X u g d pH &
Ak it S B B (Tai et al., 2008) NaOH i3 j% iim = {4 J‘fin”é *> 3 4 47 &7 Cu(OH),
# /& 12 0.8 L/min Tk LY LW A AR Cu’'¢ #2 PVP & gelatin » &2
A 4t‘}f]§ dod] 2. % 5% v @3t Table 5.2 » FEG-SEM & & 713t Fig.5.3 ¢ o

¥ B k% % 4c Table 5.2 & Fig. 5.3 #7-r * ¢ Table 5.2 2 Run 060103 ¢ # 5 i »
A b AP B A ST RITI00% 0 F A R4 EM ER 1S AT
Flez >3 XRDz2 - Z#3F % 314nm; » 4 Fig. 5.3(a)&r(b)z 2 ¢ 7 5
HipeF 2853250 2 &3 535 > 9 % 200~600 nm o % 400 gelatin 2 {2 (Run
060118) > 2 A4 Bl ¥ 4 88%%5 4 » Hep 5§ 1t Tdw » o tb?ﬁrr;flw 1 gelatin ¢
BRSO RER  FI AR IS AR AR F R 2 0 7 i Ad 3 gelatin

hpiu)
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2.+ £ % i 20,000~200,000 #73 ; B B ¥ 4e Fig. 5.3()& (d)#r7 » 4 W¥ ¥ F
HA S 9 200 nm 2 3 RREAT HREA S o A4 PVP 2 {5 (Run

£

071022)» F 3t 15 A 4ap 7 2 2B R 24k > F i & AR M 0 L A S prT g
3 94% 48R T i A PVP B 4p a3 A 24t » F BRFRTRLL T ity &2
BAF o XRD - = -] 5 287nm> H+ * | d Fig. 53(e)& (D7 F
71X 5 100~300 nm 05 5 Rk o S fERUT F A ’]‘4\2 A pFg ] o - Run

071022 2. & 4~ % u’% ZiimEs {6 11 ds fi R AT R B PRAT 0 B B % 4o Fig. 54 970 > #
LR TR h‘if_lg_/w\ Wy A3 100~300 nm 2o o T g g e W] 5 1949 & 184.1

—*m

b

nm - g2 SEM [ ¥ b i ¥ Ap i 4
dﬂ\"a% J—-‘;:’?J‘r"%t)\zl ﬁ{;é‘—ELPVP ,1449:‘&;?%%‘}:_*@&“%3\%
ReFR T DR GIHT IR IT L 200nm w0 AF I F EF 90 % o

A
| nd
FlP 2 (SR FRIEERE ir‘]@?]‘ﬁz'ﬁﬂ‘ﬁﬁ‘_‘ PVP -

condition: [Cu(©H)>]=0.02 M [ ucose] =0.1 M;{[NaOH]=1 M, recycle time
=15 min, T,=78 °C, N—4QQ rpm> L;=0.8 L/min>L,=0.2 L/min, wt additive/
wt Cu®" =2, using SDR 'in recycle.operation mode.

Table 5.2 Effects of protecting agent En C’S’ger partlcle size and yield. Fixed operating

Run No. Protecting ‘product XRD Yield SEM
agent Cu content (%) Cu size (nm) (%) size (nm)
060103 --- 100 314 100 200-600
060118 gelatin 88 28.5 --- 400-1000
071022 PVP 100 28.7 94 100-300
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Mag= 20.00 KX EHT = 5.00 KV

Mag = 40.00 KX  EHT = 5.00 kV
WD= S5mm Signal A = SE2

WD= &mm Signal A = SE2

(@) (b)

EHT = 5.00 KV Mag= 5000 KX EHT= 500KV
Signal A = SE2 WD= 5mm Signal A = SE2

-

Mag= 2000 KX EHT = 500 kV Mag= 5000KX EHT = 500 KV
WD= 6mm Signal A = SE2 — WD= &mm Signal A = SE2

(e) ®

Fig. 5.3 FEG-SEM micrographs of copper particles synthesized using SDR in recycle
operation mode: (a)(b) without protecting agent; (c),(d)with gelatin added;
(e),(f) with PVP added. Other operating conditions are listed in Table 5.2.
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Fig. 5.4 Copper particle size distribution of Run. 071022 on volume basis (4) and
number basis (m). Operating condition: [Cu(O©H)»}=0.02 M, [glucose]=0.1 M,
[NaOH]=1 M, recycle time=15 min, “T,=78, °C; N=4000 rpm > L;= 0.8
L/min > [,=0.2 L/min, using'SDRein‘racycle operation mode, wt additive/ wt
Cu* =2. O
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Table 5.3 Effect of operation mode on copper particle size. Other operating conditions
are fixed: [Cu®"]=0.02 M > [glucose]=0.1M > [NaOH]=1 M, wtPVP/ wtCu* "=
2, T =76 °C, recycle or stirring time = 15 min, N=2000 rpm.

Run No. Cu source Operation mode  Cu particle size
by SEM (nm)

071022 Cu(OH), Recycle 100-300

071114 CuSOy4 - SH,O Two-stage 200-300

- -
200nm Mag = 20.00 KX EHT = 5,00 kV
—

Mag= 50.00KX EHT= 5.00 kv

WD= 6&mm Signal A = SE2 L | L | WD= Smm Signal A = SE2 |
@ . < | © zz)

i 4 - p
e .
Mag= 2000 KX EHT= 5.00kV Mag= 5000 KX EHT= 5.00kV
WwD= 5mm Signal A = SE2 wD= 5mm Signal A = SE2

(©) (d)

Fig. 5.5 SEM micrographs of copper particles synthesized using SDR of (a),(b)
recycle operation mode and (c),(d) two-stage operation mode. Operating
conditions are shown in Table 5.3.
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Table 5.4 Effect of operation mode on Cu,O and Cu particle size. Other operating
conditions are fixed: [CuSO4- 5H,0]=0.02 M- [glucose]=0.1M > [NaOH]=1
M, wtPVP/wtCu?'=2, T = 76 °C, reaction time = 15 min.

Run No. Operation mode Cw0 size by  Cy size by SEM
SEM (nm)
(nm)
071114 Two-stage, SDR+stirred tank 300-700 200-300
071115 Stirred tank, CuSOy solution 1000-1500 300-700
added to NaOH solution
071119 Stirred tank, NaOH solution 500-700 200-800

added to CuSOy solution

LS ETE
S
= _‘i:u ""-'P:'q
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15k 18, ape o Z28. ~8v 15k 18, ape

15k 18, ape

Fig. 5.6 SEM micrographs of (a)Cu,0O and (b)Cu particles of Run 071114 synthesized
using two-stage mode; (c)Cu,O and (d)Cu particles of Run 071115
synthesized in stirred-tank with CuSOy4 solution added to NaOH solution;
(¢)Cu,0 and (f)Cu particles of Run 071119 synthesized in stirred-tank with
NaOH solution added to CuSO4 solution. Other operating conditions are
listed in Table 5.4.
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d 5.1.3 7 4w 1 PVP (7 4 WA T o bt cnB B 1A 2 3% (2006)
MR GR B N % 7 PVP ¢b > R 4o i ks (starch) 1F 5 R
Ao 4 859 10-20 nm 2 4 F o 38 % H(2007) P starch 2. B 4§ A5 A 45
k2 BHE o T MR R T LR S

AR R EF BE2 A FE I FT > $£3 PVP & starch T3 %
EAHGRF L BF B stacch 23585 28 Cut g - PVP R 019 2
B L 81 o F AR ELoT ik v F 2T 2000 rpm o B F iR e B B T
% 0.2 L/min > 43+ kA 5 0.02M - § 542 NaOH a4 01 ME 1 M; 7
S 1E (2 ¥7 % % 7+t Table 5.5 » SEM BB % 4r Fig. 5.7 #7577 o

PVP 74 £ Id 2 Bec® s 8 R4 £ P > d Fig 5.7(a)~(d) Run 071114 ¢
071129 2. SEM & 5 7 4> CuyO £2 Cuifesd o o] A &) % % 300-800 nm 2 200-300
nm o A+ 4] ASE PVP i 408 B 405§ Gl iraB S, T - PVP B #4381
wE R maEk s A LEA0F 5 Run'0R[203 20 e starch e ¢ o o
Fig. 5.7(e)7 4v > # H# d/Cuy0-<n+ | it PVRTRLA 5 %353 > 5 300-500
nm- Am B ESF D2 Cu%“—*f‘ "'7'5.1 200300nm’%\ﬂ,59§«;‘cii kA
$4r2 XRD — = fF o] 22t T Jle f &m%&ﬂ D= HEE L Cu- s
4] 5 30~35nm 0 752 G %«’[ ‘ ‘

do BT A LLFI@“P%L#%J PVP B A5 # starch 1 % LA
H AR H DR OF R R S B G VR myw IPEM L E o mEW LT

BRE T TEY R BURERZRY G T o

Table 5.5 Effects of protecting agent on Cu,O and Cu particle size. Other operating
conditions were fixed: [CuSO4-5H,0]=0.02 M, [glucose]=0.1 M, [NaOH]
=1 M>L;=L,=0.2 L/min>N=2000rpm> T=76°C stirring time=15min, using
SDR in two-stage operating mode.

run Protecting Weight ratio Cu,0 size Cu size Cu size
agent (protecting agent (SEM) (SEM) (XRD)
/Cu) (nm) (nm) (nm)
071114 PVP 2 300-800 200-300 31.7
071129 PVP 8 300-800 200-300 32.6
071203 starch 2 300-500 200-300 34.1
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15k XZB,. 608

1S5k XZo, 808

Fig.5.7 SEM micrographs of (a)Cu,O and (b)Cu particles of Run 071114 with
PVP/Cu=2; (¢)Cu;O and (d)Cu particles of Run 071129 with PVP/Cu=8;
(e)Cuy0 and (f)Cu particles of Run 071203 with starch/Cu=2. Other operating
conditions are listed in Table 5.5.
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R BRI G5 F AL KA fRR AR @ CuS A A Cut 3R
#iB R 5 Cu (Brauer, 1965) > P> &t — &2 F5%k° » FokEdhis 2 L@
2 A p kB R el AT 2 CwO iUl > Arf F ~ PR pLts > ik ¢
B s (il iR d (e d ) AR RRRE EPHE
RES O FR T Eay N aO0EBRN R S RPREAZHADREF > B F R
e

Cu,0+2HNO, - Cu(NO,), +Cu{ +H,0 (3.5)
SR AR T F R R AR A RS F BB e A
(EAa 3 0 F AN LA VLT E SRR R 2 R
FATZ2 A X2 B AT E R HDHRT 2 B v e WA e

5.2.1 e APl
A AR ET £ kS le;.-,— (RLEAN-Z TRCSRRLE LI EE Lf’% ’
TR EE R LA o MR o g 54,;4__% RNl T%ca?pgr}f?}\ﬁ%%?
2. PEG (polyethylene glycol) - E&f&ﬁ éﬁ? NaHMP(sodlum hexametaphosphate) ~
A pasrsg 2. SDS (sodium dodec;f suif;t-e’) ~ BRvgg® & 42 PEI (polyethylene-
imine)4e » & & > #F 34 8 ‘ﬁ‘ﬁh‘*—*{ B L&‘;& Ene e i i SR TE
Cw0 + %3+ 5 g/L(=0.035.M) xHNog At or.3g,M SRR B 2 4 AL 2 100
L 28 39 %"° 7 'fﬁilj‘ﬁ%ié_ﬁ: i S E ¢ CuO ESR TR N
(1~4pum) > Fptim g (L1 Ly) & <5 1 Dfmins € /) 2758 0] 5 @+ § 8¢ Cu0
—anﬂ/zﬁﬂﬁ ;o E P ZY A& i 4000 rpm 3 g SR £k ;‘,?JH‘:'?"?'J;%
B 5 22gLRG AR ER) o A% (vield)d T A E
yield (%) =(W; - x)/Wo (5.1)
He WG AP EE Wois EQ3522%hAER XA ERBHER L
F o HE @ * A XRD Bl3# ¢ 2. Cu0 &2 Cu 2 % ¥e5458 B % Fig. 3.10(a)
B o BFOlHP 0S5 g2 CuO8i7F B 2HhsrAE Wo s 22 g 29riE A
TR L21g  HY ARG ELS0OW%  BIAF S 764% -
P S A2 F B %4 Table 5.6 #7571 d &7 ¥ 5 4 K 4eik 4o H|(Run
080822a)F P2 pH 5 095 2+ » @ AF N F 563 % i = o 5% i 7
A d ¥4 % SDR BF > CupO 2 3 dl % 2R/ A BAEL F A @ S AT > & j 306
F gt A4~ SDR @ 8 & F i< o @ 4v » SDS ~ PEG ~ PEI pFz & & & | 3%

ppiu)

‘—)\‘
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S0% %1 F Bt AT F AL RE TR A A @ F FenpH g 2
Bt BB EMNAES o @4 » NaHMP (Run 080822b)t5 » A &%+ + 2 1 77.6
% R FIEE NaHMP 2 £ 5§ 42 B adod > 4o » 27 @ Cu0 47
PAMHES G B AF 2 o Ad 2 XRD ¥5t R4 Fig. 5.8 77 » H 3 5 2 4
E4c Table 5.6 S wffrr » ¥ N EFEETHUFNL AL YT 2R 2
Cu0> & ¥ Cu g £ AE 5 100%: & ¢ & 7 7 4 #l(Run 080822a)2 4F 7 £ & 85
%+ e~ NaHMP PRI 3= 3 95 % 1 @ i »e &l 5 PEI(Run 080827b)p » & 2
Gz RS 52 % Flr v SR BRFERRF o A e e RIGE G
AP 73 "E£2 CuO; ® PEI 2 3 F i 2

R BmAREBALR
12 XRD bt o138 @4 ch- S F L[ 3G o d Table5.6 7 F0: A 3

B4 vt FRgAE

SN

AP L 418 nm o e E R S AbERIE R < L AR LT B e
SDS {47 @8 2~ =344 26:3nm- AF % @2 FEG-SEM & * 4 Fig. 5.9
S S AR A T REARR § BT WY Y F 3 100 nm 2 g R B A
S HCE nm 2 %k o Higl o Fig.'5.9(d) »(e)® W f 47 4e » SDS & PEI #7117
2_ B FEAR(<200nm) 2. A5k 5 %F' l@%“\w < RERAR R R iR
L3 H4 35 A d  Big. \5L9(b5";c) c" > 4 NaHMP g PEG RI¥ f 51
200-500nm 2. % ¥f 4 A% p it IPE ;o || '

eI BT o KPR d i ma Culhs FH A 100 nm s BB
Ao @ 2E g Ak R ﬁrm“%*”’@'ﬂ'@f%ﬁl?"’*-@%{%* o+ oo @ b
» NaHMP 7 & & flsd Cus0 % UAReHE - 7 R o2 A FWF > Fl 2 65k
AR o %7 NaHMP # o Jyfie & 4 » SDS # PEI & 4 # i

= s /,91‘ e B o i
e R E L TN o
Table 5.6 Effects of additive on copper crystallite size and yield. Other operating
conditions: Cu,O = 5 g/L, additive = 2.2 g/L, [HNO;] = 0.32 M, N =
4000rpm, L; = L, =1 L/min, continuous operating mode.
Run No. additive  slurry Crystallite size ~ Cu content yield

pH (nm) (wt %) (%)
080822a  --- 0.95 41.8 86 56.3
080821b  PEG 0.97 37.0 86 42.7
080822b  NaHMP  0.95 39.9 95 77.6
080827a  SDS 111 26.3 75 30.0
080827b  PEI 1.00 39.9 52 37.0
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Fig. 5.8 XRD patterns of copper particles of (a)Run 080822a without additive; (b)Run
080821b with PEG added; (c)Run 080822b with NaHMP added; (d)Run
080827a with SDS added (e)Run 080827b with PEI added. Other operating
conditions: Cu,O =5 g/L, additive = 2.2 g/L, [HNO3] = 0.32 M, N = 4000rpm,
L;=L,=1 L/min, continuous operating mode.
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Mag= 5000 KX EHT= 6.00kV Mag= 5000 KX EHT= 6.00kV
WD= 6mm Signal A = SE2 WD= &mm Signal A = SE2

(a) (b)

Mag= 5000 KX EHT = 5.00 kV
WD= &mm Signal A = SE2

(C):_. -

—

Mag= 5000 KX EHT= 5.00kV
WD= &mm Signal A = SE2

+ :(d)

el

rd

Mag= 5000 KX EHT= 500 kv
WD= &6mm Signal A = SE2

(e)

Fig. 5.9 SEM micrographs of copper particles of (a)Run 080822a without additive;
(b)Run 080821b with PEG added; (c)Run 080822b with NaHMP added;
(d)Run 080827a with SDS added (e)Run 080827b with PEI added. Other
operating conditions: Cu,O = 5 g/L, additive = 2.2 g/L, [HNOs] = 0.32 M, N
=4000rpm, L; = L, =1 L/min, continuous operating mode.
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BArpF AR S5 mrgrsier o ‘?ﬁlifjtﬁf?ﬂ]% starch p&F » 3 % /] &
300-600 nm(4- Fig. 5.10(c)) ; ’J‘ﬁ A 5 PVP p# 1 3l& | 2 £+ 4o Fig.
5.10(d) > % 100-300nm  SDBS = & : 4c > 1.1 g/L FF3 % |- & 400-700 nm > 4
Fig. 5.10(e)*77+ +2.2 gL P » 300 nm = +- 2 /] #+ P EH 4 > T 5 P28+ 5
500-600 nm > 4 Fig. 5.10(f) o & p* ¥ &> g+ <@ 3 o 7 4 PVP pF2_ ¥ ()
Bl 2o SRV R FIPVP BR324 F £(55000) F 3 A e s BA A4
o hIFR2r s BETRK

dAFREF T FRPEY AR S BAF

€% Bk B4~ PVP ¢ 4 ] chdr ke 0 4 100-300 nmo e & % 5 79.2%:
A e~ starch BFA % 7 32 91.1% 0 423 <} % > % 300-600nm

» I 4y ~ PVP ¥ starch

Table 5.7 Effects of co-additive on.the yield.of copper.patticles. Fixed operating
conditions: Cu,0=5g/L, NaHMP = 2.2 o/I., [HNO3]=0.32M, N=4000 rpm,
L;=L,=1 L/min, continuous r'm‘ﬂé ‘

f
Run No. Co-additive Conc]ejtrafuin of | | Slurry Product yield

cq dditive" || pH Cu content (%)
toe 1V (Wt %)

081202 PEI 02 - 0.92 100 69.9
081204 KI 22 1.00
081208 starch 22 0.94 98 91.1
081220 PVP 1.1 0.98 96 79.2
090504 SDBS 1.1 0.97 97 71.9
090506 SDBS 2.2 0.84 54 22.7
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Fig. 5.10 SEM micrographs of copper particles using different types of co-additive:
(a)PEI=0.22 g/L; (b)KI=2.2 g/L; (c)starch= 2.2g/L; (d)PVP=1.1 g/L;
(e)SDBS=1.1 g/L; ()SDBS=2.2 g/L. Fixed operating conditions: Cu,O=
S5g/L, NaHMP = 2.2 g/L, [HNO;]=0.32M; N=4000 rpm, L;=L,=1 L/min,
continuous mode.
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Table 5.8 Effects of concentration of nitric acid on the yield of copper particles. Fixed
operating conditions: Cu,O = 5g/L, NaHMP=2.2g/L., N=4000 rpm, L,=L,=1

L/min.
Run Co- Concentration [HNOs3]  Slurry  Yield  Operating
No. additive of M) pH (%) mode
co-additive
(g/L)

081223 starch 1.1 0.21 1.39 79.0 Recycle
090205 PVP 1.1 0.21 1.29 <10 Recycle
090206 PVP 22 0.21 1.14 <10 Recycle
090209 PVP 4.4 0.21 1.21 <10 Recycle
081208 Starch 2.2 0.32 0.94 91.1 Continuous
081220 PVP 1.1 0.32 0.98 79.2  Continuous
090706 PVP 2.2 ‘ 0.,64 0.62  82.5* Continuous
090713 PVP 22 1.60n.~< 034 . 91.8% Continuous

* product containing CuO.- %

180
160 F
140 F
120
100 f
80}
60
a0t
20

I (counts)
| (counts)

0 1 1 1 0 1 1 1
30 40 50 60 70 30 40 50 60 70
2 theta (degree) 2 theta (degree)

Fig. 5.11 XRD patterns of the product of (a)Run 090706 and (b)Run 090713.
Operating conditions are shown in Table 5.8.
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Fig. 5.12 SEM micrographs of copper particles of Run: (a)081223; (b)090205;
()090206; (d)090209; (e)081208; (£)081220; (g)090706; (h)090713.
Operating conditions are shown in Table 5.8.
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Table 5.9 Reaction conditions of CuO preparation with the waste solution of Run
081220 copper reduction. Fixed operating conditions: L;=L,=200 mL/min,
N=4000 rpm, continuous mode.

Run No. Tank 2 Precursor CuO CuO
Reactant concentration  slurry Yield Morphology
(M) pH (%)
081220-1 NaOH 0.10 11.83 44 Needle-like, 100¥600 nm
081220-2 Na,CO; 0.20 7.39 56 Spherical, 50-100 nm
081220-3 Na,CO; 0.05 6.63 60 Spherical, 30-70 nm

o
Mag= 2000 KX EHT = 500 kV . Mag = 100.00 KX EHT = 500 kV
WO= 6mm Signal A = InLens —_— WO= 6mm Signal A= InLens

Gl B

Fig. 5.13 Copper oxide particles synthesized by using the waste solution of Run
081220. (a)&(b)FEG-SEM micrographs of Run 081220-1; (c)SEM
micrographs of Run 081220-2 and (d)Run 081220-3. Operating conditions
are listed in Table 5.9.
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Table 5.10 Comparison of operating condition and result of copper reduction by

glucose and nitric acid.

Reductant Glucose process Nitric acid process
Reaction pH >13 <1.5
Operation mode Recycle Continuous
Reaction time >15 min <1 min
Reaction temperature 75~80°C Room temperature
Yield based on feed ~ 100 % <50 %
Cu*" waste solution no Yes, but recovered as CuO
Cu size of best result 100-300 nm 100-300 nm
Cu particle morphology polyhedral spherical
G - =, o — -
AL = X R

Mag= 50.00 KX EHT = 5.00 kV
WD= 6mm Signal A = SE2

Mag = 100.00 K X EHT = 5.00 kv
WD= Smm

Signal A = SE2

(a)

4 o P -
Mag = 50.00 KX EHT= 5.00kV

WwWD= 6mm Signal A = InLens

(©)

Fig. 5.14 FEG-SEM micrographs of copper particles of (a)&(b)Run 071022 in Table
5.3 using glucose as reductant and (c¢)&(d)Run 081220 in Table 5.8 using

nitric acid as reductant.

(b)

Mag = 100.00K X EHT = 5,00 kV
WwWD= Emm

Signal A = InLens
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