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Organic acid Molecular formula pKa1 Theoretical pH Initial pH fH (pH = initial pH) fH (pH = 1.2)
Oxalic acid C2H2O4 1.25 2.59 2.28 0.92 0.47
Citric acid C6H8O7 3.13 2.62 2.41 0.16 0.012
Maleic acid C4H4O4 1.9 2.18 2.09 0.6 0.16
Malic acid C4H6O5 3.46 2.77 2.67 0.14 0.005

Gluconic acid C6H12O7 3.6 2.83 2.8 0.14 0.004
Malonic acid C3H4O4 2.83 2.5 2.35 0.25 0.023
Tartaric acid C4H6O6 3.03 2.58 2.51 0.23 0.015
Glycolic acid C2H4O3 3.83 2.94 2.76 0.078 0.002
Itaconic acid C5H6O4 3.63 2.85 2.77 0.12 0.004

Table S1. Overview of the screened organic acids, their chemical properties and protonation behaviour at pH = 1.2
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Figure S1. Gallium speciation at 10 g/L of solid loading over a wide pH range
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Figure S2. Gallium speciation in 10 mM oxalic acid solution at 10 g/L of solid loading over a wide pH range

Kinetic modelling based on Shrinking Core Model by Levenspiel

1)Reaction-limited:
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3) Ash layer-limited:
t
τ
= 1−3(1− xB)

2
3 +2(1− xB), τ =

ρR2

6bDe f fCAL
(3)

xB : Fraction of B (solid reactant) reacted

t : Time [s]

τ : Elapsed time for complete conversion

ρb : Material density [mole/m3]

b : Mole ratio of solid (B) to reactant(A)

CAL : Concentration of A in bulk liquid [mol/m3]

k′′ : Surface reaction rate constant [m/s]

kL : Liquid-film mass transfer coefficient [m/s]

De f f : Effective diffusivity through ash/product layer [m2/s]

R0 : Initial particle radius [m]
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Table S3. Specifications of gallium oxide particles

gb 31.37
R0 2.96e-05
b 0.333

CAL 1000

Table S4. Overview of Box-Behnken Design for Ga leaching

Factors 4
Replicates 1
Base runs 27
Base blocks 1
Total runs 33

Table S5. Implemented parameters and levels in the Box-Behnken Design study

Factors Units Symbol Level low (-1) Level mid (0) Level high (+1)
Concentration mM A 100 550 1000
Pulp Density g/L B 10 30 50
Temperature °C C 30 60 90
Time h D 3 5 7

Table S6. Complementary replicates around the center points

Sample A B C D Response
#1 550 30 60 5 7.66
#2 550 30 60 5 4.6
#3 550 30 60 5 1.72
#4 550 30 60 5 8.35
#5 550 30 60 5 3.93
#6 550 30 60 5 7.94
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Table S7. Designated BBD experiments for Ga extraction

Run Concentration (mM) Pulp Density (g/L) Temperature (°C) Time (h) Ga Extracted (g/L)
27 550 30 60 5 3.37
18 1000 30 30 5 0.13
8 550 30 90 7 17.41
15 550 10 90 5 5.91
13 550 10 30 5 0.00
14 550 50 30 5 0.08
2 1000 10 60 5 0.25
20 1000 30 90 5 20.21
5 550 30 30 3 0.10
26 550 30 60 5 3.45
9 100 30 60 3 0.17
1 100 10 60 5 1.41
4 1000 50 60 5 6.10
21 550 10 60 3 0.57
23 550 10 60 7 2.42
17 100 30 30 5 0.01
7 550 30 30 7 0.39
22 550 50 60 3 3.24
25 550 30 60 5 2.85
6 550 30 90 3 15.23
12 1000 30 60 7 8.02
3 100 50 60 5 2.82
11 100 30 60 7 3.37
19 100 30 90 5 3.64
16 550 50 90 5 23.14
10 1000 30 60 3 1.85
24 550 50 60 7 11.64

Table S8. ANOVA summary of the quadratic model of the BBD experiments for optimizing Ga extraction

Term Coefficient SE t p-value
Intercept 4.8647 0.813 5.985 1.16E-05

A 0.0047 0.002 2.977 0.008
B 0.1519 0.035 4.316 0
C 0.2356 0.023 10.042 0
D 0.9199 0.352 2.614 0.018

A**2 -8.76E-06 4.37E-06 -2.002 0.061
B**2 -0.0014 0.002 -0.648 0.525
C**2 0.0033 0.001 3.4 0.003
D**2 0.0701 0.221 0.317 0.755
AxB 0.0001 0 0.91 0.375
AxC 0.0003 9.03E-05 3.372 0.003
AxD 0.0008 0.001 0.608 0.551
BxC 0.0071 0.002 3.516 0.002
BxD 0.0409 0.03 1.342 0.196
CxD 0.0079 0.02 0.39 0.701
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Figure S3. Desirability index for evaluationg best-possible scenarious at the lowest possible concentration, temperature, time and highest
possible pulp density for maximizing Ga extraction
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