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Quantitative analysis of mixing efficiency in the plugs
Villermaux/Dushman method on the basis of a parallel competing reaction system was

employed to quantitatively analyze the mixing performance in the plugs at different process

parameters:
H,BO;+H" — H,BO, (quasi-instantaneous) )]
5I'+10;+6H" — 31,+3H,0 (very fast) )
I,+I' & I, (instantaneous equilibrium reaction) 3)

Reaction 1 is a quasi-instantaneous reaction, whereas Reaction 2 is fast but remarkably
slower than Reaction 1. Reaction 3 is an instantaneous equilibrium reaction. Aqueous solution A

(0.020 M H,S0,) and aqueous solution B (0.25 M H3;BO;+0.125 M NaOH+0.012 M KI+0.002 M

KIO3) were pumped into the cross-type micromixer with the same flow rate from inlet | and lll,

respectively. Octane was pumped into the cross-type micromixer from inlet Il. If the micromixing

was ideal, aqueous solution A was instantaneously mixed with aqueous solution B, and H' ions
were consumed by HBOj ions via Reaction 1. Otherwise, H" ions were consumed competitively
by Reaction 1 and 2, and the formed I, further reacted with I" ions to generate I3” ions according to
Reaction 3. The amount of I;” ions was determined by the mixing efficiency and could be
measured by a UV-vis spectrophotometer (METASH UV8000) at 353 nm. The worse the mixing
performance was, the larger the amount of I3” ions was. Segregating index (Xs) can be calculated
from the amount of I5” ions:

Y

X, = T 4
yo 20 Vz)([}z] +[5]) 5)
ViI[H ],
_ 6[105], 6)
T 6[10;],+{H2BO; ],

Y is the ratio of H" mole number consumed by Reaction 2 to the total H" mole number
injected and Ygr is the value of Y in the total segregation case when the micromixing process is

infinitely slow.
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Figure S1. The schematic diagram of plausible formation mechanism of Ag-rGO composites.
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Figure S2. XPS spectra of (A) C 1s of GO (B) C 1s of Ag-rGO-S (C) Ag 3d of Ag-rGO-S.
Ag-rGO-S was synthesized under the condition of Q4=Qp=0.2 mL/min, Qyctane=0.6 mL/min, W/O

ratio=2:3, Qww=1.0 mL/min, T=40 °C, theoretical Ag weight percentage=21.3 wt.%, ==1.38 min.
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Figure S3. (A) TGA curves (B) UV-vis absorption spectra of GO and Ag-rGO-S. Ag-rGO-S was
synthesized under the condition of Q4=0Qp=0.2 mL/min, Qyctane=0.6 mL/min, W/O ratio=2:3,

Oroa=1.0 mL/min, 7=40 °C, theoretical Ag weight percentage=21.3 wt.%, =1.38 min.
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Figure S4. Particle size distribution of Ag NPs in (A) Ag-rGO-B (B) Ag-rGO-S. Ag-rGO-S was
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synthesized under the condition of Q4=0Qp=0.2 mL/min, Qyctane=0.6 mL/min, W/O ratio=2:3,

Oroa=1.0 mL/min, 7=40 °C, theoretical Ag weight percentage=21.3 wt.%, =1.38 min.
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Figure S5. Particle size distribution of Ag NPs in Ag-rGO-S synthesized at different W/O ratios (A)
W/O ratio=2:3, Q4=0p=0.2 mL/min, Qctane=0.6 mL/min, 7=1.38 min (B) W/O ratio=3:2,
04=0p=0.3 mL/min, Qyctane=0.4 mL/min, 7=1.36 min (C) W/O ratio=4:1, Q,=0p=0.4 mL/min,
Ooctane=0.2 mL/min, =1.35 min. Qi=1.0 mL/min, T=40 °C, theoretical Ag weight

percentage=21.3 wt.%.
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Figure S6. Plug length and X5 as a function of (A) water/oil volume flow ratio (B) total volume

flow rate.
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Figure S7. Particle size distribution of Ag NPs in Ag-rGO-S synthesized at different total volume
flow rates (A) Qiot=0.5 mL/min, Q,=0p=0.1 mL/min, Qoctane=0.3 mL/min, 7=2.76 min (B)
Orota=1.0 mL/min, Q,=0p=0.2 mL/min, Qocane=0.6 mL/min, =1.38 min (C) Qypa=1.5 mL/min,
0,=05=0.3 mL/min, Ocane=0.9 mL/min, 7=0.92 min. W/O ratio=2:3, 7=40 °C, theoretical Ag
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Figure S8. Particle size distribution of Ag NPs Ag-rGO-S synthesized at different synthetic

temperatures (A) 20 °C (B) 40 °C (C) 60 °C. 0,=0g=0.2 mL/min, Qqctane=0.6 mL/min, W/O

ratio=2:3, Qioa=1.0 mL/min, theoretical Ag weight percentage=21.3 wt.%, =1.38 min.
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Figure S9. Particle size distribution of Ag NPs in Ag-rGO-S with different theoretical Ag weight
percentages (A) 11.7 wt.% (B) 21.3 wt.% (C) 28.8 wt.%. Oa=0p=0.2 mL/min, Qyctane=0.6 mL/min,

W/O ratio=2:3, Q=1.0 mL/min, 7=40 °C, =1.38 min.
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Figure S10. TEM images of (A) Pt-rGO-S (B) Pd-rGO-S; (C) average particle size and RSD of
noble metal nanoparticles. Oa=0p=0.2 mL/min, Qyctane=0.6 mL/min, W/O ratio=2:3, Qi =1.0

mL/min, 7=40 °C, theoretical Pt/Pd weight percentage=21.3 wt.%, ==1.38 min.
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Figure S11. Particle size distribution of noble metal nanoparticles (A) Pt-rGO-S (B) Pd-rGO-S.
0=05=0.2 mL/min, Qyctane=0.6 mL/min, W/O ratio=2:3, Q;yu=1.0 mL/min, 7=40 °C, theoretical

Pt/Pd weight percentage=21.3 wt.%, 7=1.38 min.
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Table S1A The materials and geometries of cross-type and T-type mixer.

Inlet channel Outlet channel
Entry | Material® Cross ILD"|oD°| L Cross | I'D- |OD.| L
Number . Number .
section | oo | mm | em section | ym | mm | em
Cross-type . .
) PTFE 3 Circular| 0.6 | 1.6 | 1.0 1 Circular| 0.6 | 1.6 | 1.0
mixer
T-type . :
) PTFE 2 Circular| 0.6 | 1.6 | 1.0 1 Circular| 0.6 | 1.6 | 1.0
mixer
Table S1B The material and geometries of capillary I and II.
1.D. O.D. L
Entry Material | Cross section
mm mm cm
Capillary 1 PFA Circular 0.6 1.6 400.0
Capillary 2 PFA Circular 0.6 1.6 100.0

* PTFE-polytetrafluoroethylene, PFA-polyfluoroalkoxy; ® 1.D.-inner diameter; © O.D.-outer diameter;

¢ L-length.
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Table S2 The detailed experimental conditions predetermined in this work.

Stage 1 Stage 2 Synthetic | Theoretical noble .
. . . Residence
Sample Variable Oa Os Ooctane | Water/oil volume {Total flow rate|  Oc¢ temperature | metal weight fime /min®
ime /min
/mL/min | mL/min | mL/min flow ratio® mL/min® | mL/min /°C percentage /wt.%
) 0.2 0.2 0.6 2:3 1.0 0.2 40 21.3 1.38
water/oil volume
. 0.3 0.3 0.4 3:2 1.0 0.3 40 21.3 1.36
flow ratio
04 04 0.2 4:1 1.0 04 40 21.3 1.35
0.1 0.1 0.3 2:3 0.5 0.1 40 21.3 2.76
total volume
0.2 0.2 0.6 2:3 1.0 0.2 40 21.3 1.38
flow rate
0.3 0.3 0.9 2:3 1.5 0.3 40 21.3 0.92
Ag-rGO
) 0.2 0.2 0.6 2:3 1.0 0.2 20 21.3 1.38
synthetic
0.2 0.2 0.6 2:3 1.0 0.2 40 21.3 1.38
temperature
0.2 0.2 0.6 2:3 1.0 0.2 60 21.3 1.38
Theoretical Ag 0.2 0.2 0.6 2:3 1.0 0.2 40 11.7 1.38
weight 0.2 0.2 0.6 2:3 1.0 0.2 40 21.3 1.38
percentage 0.2 0.2 0.6 2:3 1.0 0.2 40 28.8 1.38
Pt-rGO - 0.2 0.2 0.6 2:3 1.0 0.2 40 21.3 1.38
Pd-rGO - 0.2 0.2 0.6 2:3 1.0 0.2 40 21.3 1.38

* As the water/oil volume flow ratio and total volume flow rate in the first stage dramatically affected the average particle size and particle size distribution of Ag NPs
in Ag-rGO-S, the water/oil volume flow ratio and total volume flow rate was calculated using the volume flow rates of solution A, B and octane in the first stage.
® The residence time was the average amount of time spent in the microchannel by the mixed solutions (stage 1: solution A + solution B + octane; stage 2: solution A

+ solution B + solution C + octane). The residence time was calculated by the following equation:
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V.
Qstagcl

(7

where t represents the residence time; Vstagel and Vstage2 represents the volume of microchannels used in stage 1 and 2; Qstagel and Qstage2 represents the total

volume flow rates of mixed solutions in stage 1 and 2, respectively.

stagel =

stage2 =

Qstagcl = QA + QB+ rotanc

Qstach = QA + QB+ Qactanc + QC

®)

)

(10)

(11)

where Vcross-type, outlet, Vcapillary I, VT-type, inlet, VI-type, outlet and Vcapillary II is the volume of cross-type mixer’s outlet channel, capillary I , T-type

mixer’s inlet channel, T-type mixer’s outlet channel and capillary II; QA, QB, QC and Qoctane is the flow rate of solution A, B, C and octane. The residence time

under different conditions was added into the revised manuscript.



Table S3 The space time yields (STY) of Ag-rGO composites synthesized in continuous mode and

batch mode.
O ti d /mg" /mi V /mL STP
eration mode  mpqrGgo /M T /min L
P Ag-rGO /Mg /a-h -t
continuous 0.07 1.38 1.42 2.15
batch 12.7 60 110° 0.12

* Ag theoretical weight percentages of Ag-rGO composites synthesized in continuous mode and
batch mode were both 21.3%. The continuous mode was carried out under the experimental
condition of Qa=0g=0.2 mL/min, Qane=0.6 mL/min, synthetic temperature= 40 °C.

" The equation of the space time yield was defined as:

STY = Mrgico (12)
Ve

where maq.Go, V and 7 are the theoretical mass of Ag-rGO composite, volume of reaction occurring,
and residence time, respectively.

¢ The final volume of mixed solution was used for the calculation of STY.

Table S4 The average particle sizes of Ag NPs in Ag-rGO nanocompoistes synthesized via

solution-phase reduction.

Average particle

Sample Ag precursor Reducing agent Solvent sive /nm Ref.
Ag-rGO Sing ;ﬁ?sted Hydrazine hydrate Water ~5 nm 1
Ag/rGO AgNO; - Water ~5nm 2
AgNP-GO AgNO; Vitamin C Water 15-55 nm 3
Ag/rGO AgNO; DMF DMF 20-40 nm 4
Ag-rGO AgNO; NaBH,4 Water 5-60 nm 5
AgNP-GE AgNO; NaBH,4 Water ~10 nm 6
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Superecritic

Ag/GN AgNO; glucose al CO, ~5nm 7
Ag-rGO AgNO; Ethylene glycol Water ~4.7 nm 8
Ag1GO AgNO NaBH Water 1.5-5.6 nm This
g- g 3 4 I work
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