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1/2
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𝑘𝑎𝑝𝑝
𝑂

(
𝐼𝑝𝑒𝑎𝑘,𝐼𝐼𝐼

𝐼𝑝𝑒𝑎𝑘,𝐼𝐼𝐼+𝐼𝑝𝑒𝑎𝑘,𝐼𝑉
)  (
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𝛼

𝛿

Δ𝐸𝑂𝐸𝑅

Δ𝐸𝑃

𝛥𝐺𝐻
∗



𝑗𝑔𝑒𝑜𝑚

𝑗ℎ𝑎𝑙𝑓 𝑚𝑎𝑥

𝑗𝑃

𝑘𝑎𝑝𝑝
0



𝜓

𝑅

𝑅𝑓 

〈𝜎𝑞〉

𝜏



𝑧

𝑍

𝑍′

𝑍′′



 



 



 



 

𝐻2𝑂 → 𝐻2 + 
1

2
𝑂2     ∆𝐻 = −288 𝑘𝐽 𝑚𝑜𝑙−1

𝐾𝑊 = 1 × 10−14



 



 



 

2 𝐻2𝑂 + 2 𝑒− → 𝐻2 +  2 𝑂𝐻− 𝐸𝑆𝐻𝐸
0 =  −0.828 𝑉

          2 𝑂𝐻− →
1

2
𝑂2 +   𝐻2𝑂 + 2 𝑒−   𝐸𝑆𝐻𝐸

0 =  0.401 𝑉



 

2 𝐻+ + 2 𝑒− → 𝐻2       𝐸𝑆𝐻𝐸
0 =  0 𝑉

           𝐻2𝑂 →
1

2
𝑂2 +  2 𝐻+ + 2 𝑒−  𝐸𝑆𝐻𝐸

0 = 1.23 𝑉



 

 𝐻2𝑂 +2 𝑒− → 𝐻2 + 𝑂2−

                𝑂2−   →
1

2
𝑂2 + 2 𝑒−  
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≤

≤
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𝐻3𝑂+ (𝑎𝑞. ) +  𝑒− + ∗ ⇌  𝐻∗ + 𝐻2𝑂 (𝑙)

𝐻2𝑂 (𝑙) +  𝑒− + ∗ ⇌  𝐻∗ +  𝑂𝐻− 



 

 

𝐻∗ + 𝐻3𝑂+ (𝑎𝑞. ) +  𝑒− + ∗ ⇌  𝐻2 + 𝐻2𝑂 (𝑙) + ∗ 

𝐻∗ + 𝐻2𝑂 (𝑙) +  𝑒− + ∗ ⇌  𝐻2 +  𝑂𝐻− + ∗ 

 

𝐻∗ + 𝐻∗ ⇌  𝐻2 + 2∗ 

∗ 𝐻∗

𝑏

𝑏 𝜂 log 𝑗𝑔𝑒𝑜𝑚

 𝑗𝑔𝑒𝑜𝑚

 𝜂



 

 

𝑏 = −
2.303𝑅𝑇

𝛼𝐹
≈ 120 𝑚𝑉 𝑑𝑒𝑐−1 

 

𝑏 = −
2.303𝑅𝑇

(1 + 𝛼)𝐹
≈ 40 𝑚𝑉 𝑑𝑒𝑐−1 

 

𝑏 = −
2.303𝑅𝑇
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𝐹𝑒(𝐶𝑁)6
3−(𝑎𝑞. ) +  𝑒−  ⇌  𝐹𝑒(𝐶𝑁)6

4−(𝑎𝑞. )

𝜙𝑚 𝜙𝑠 Δ𝜙𝑚/𝑠

Δ𝜙𝑚/𝑠 =  𝜙𝑚 −  𝜙𝑠

Δ𝜙𝑡𝑜𝑡𝑎𝑙 = Δ𝜙𝑚/𝑠 +  Δ𝜙𝑠/𝑚 ′ +  Δ𝜙𝑚 ′/𝑚  

Δ𝜙𝑠/𝑚 ′ 

Δ𝜙𝑚 ′/𝑚  

Δ𝜙𝑠/𝑚 ′ 

Δ𝜙𝑚 ′/𝑚  Δ𝜙𝑚/𝑠 Δ𝜙𝑚 ′/𝑚  ≈ 0



 

𝜇𝑒
𝑚 = 𝜇𝑒

𝑚 ′ Δ𝜙𝑚/𝑠 Δ𝜙𝑠/𝑚 ′ 

Δ𝜙𝑠/𝑚 ′ 

Δ𝜙𝑡𝑜𝑡𝑎𝑙 Δ𝜙𝑚/𝑠

Δ𝜙𝑠/𝑚 ′ = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡

Δ𝜙𝑡𝑜𝑡𝑎𝑙 = Δ𝜙𝑚/𝑠 +  Δ𝜙𝑠/𝑅𝐸 + Δ𝜙𝑅𝐸/𝑚 =  Δ𝜙𝑚/𝑠 − 𝜙𝑚 + (Δ𝜙𝑠/𝑅𝐸  +  𝜙𝑅𝐸)

Δ𝜙𝑠/𝑅𝐸  +  𝜙𝑅𝐸 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡

Δ𝜙𝑡𝑜𝑡𝑎𝑙 =  Δ𝜙𝑚/𝑠 −  𝜙𝑚 + 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡

Δ𝜙𝑚/𝑠 Δ𝜙𝑡𝑜𝑡𝑎𝑙

 Δ𝜙𝑚/𝑠 −  𝜙𝑚



 

Δ𝜙𝑡𝑜𝑡𝑎𝑙

𝐻2 (𝑎 = 1), 𝑃𝑡 | 𝐻 +(𝑎 = 1, 𝑎𝑞. );   2𝐻+(𝑎𝑞. ) + 2𝑒− ⇌  𝐻2(𝑔); 𝐸𝐻+/𝐻2

0 = 0 𝑉



 

𝐴𝑔|𝐴𝑔𝐶𝑙|𝐶𝑙−(𝑎 = 1, 𝑠𝑎𝑡);  𝐴𝑔𝐶𝑙(𝑠) + 𝑒− ⇌ 𝐴𝑔 (𝑠) + 𝐶𝑙−(𝑎𝑞. ) ; 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙
0 𝑣𝑠. 𝑆𝐻𝐸 = +0.197 𝑉 

𝐻𝑔 (𝑙)|𝐻𝑔2𝐶𝑙2|𝐶𝑙−(𝑎 = 1, 𝑠𝑎𝑡); 𝐻𝑔2𝐶𝑙2(𝑠) + 2𝑒− ⇌ 2 𝐻𝑔 (𝑙) + 2 𝐶𝑙−(𝑎𝑞. ) ;  𝐸𝑆𝐶𝐸
0 𝑣𝑠. 𝑆𝐻𝐸 = +0.242 𝑉 

 

 

 

∑ 𝑣𝑖𝑅𝑖𝑖  → ∑ 𝑣𝑗𝑃𝑗𝑖

Δ𝑟𝐺

Δ𝑟𝐺 = Δ𝑟𝐺0 + 𝑅𝑇 ln 𝑄𝑟 = Δ𝑟𝐺0 − 𝑅𝑇 ln
∏ (𝑎𝑃𝑗

𝑣𝑗
)𝑗

∏ (𝑎𝑅𝑖

𝑣𝑖 )𝑖



 

Δ𝑟𝐺0 𝑅

𝑇 𝑎𝑃𝑗

𝑣𝑗 𝑎𝑅𝑖

𝑣𝑖

Δ𝑟𝐺

𝐸

𝐸0

Δ𝑟𝐺 =  −𝑧𝐹𝐸 Δ𝑟𝐺0 =  −𝑧𝐹𝐸0

𝑧

𝐹

𝐾𝑒𝑞

𝐸 = 𝐸0 −
𝑅𝑇

𝑧𝐹
ln

∏ (𝑎𝑃𝑗

𝑣𝑗
)𝑗

∏ (𝑎𝑅𝑖

𝑣𝑖 )𝑖

;        𝑖𝑛 𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚: 𝐸𝑒𝑞  = 𝐸0 −
𝑅𝑇

𝑧𝐹
ln 𝐾𝑒𝑞

𝐸

𝐸𝑒𝑞



 

𝐸 = 𝐸𝑆𝐻𝐸
0 −

𝑅𝑇

𝐹
ln {

𝑃𝐻2

1/2

𝑎𝐻+
}

𝑃𝐻2

1/2 

𝐸𝑅𝐻𝐸  = 𝐸𝑆𝐻𝐸
0 −

2.303𝑅𝑇

𝐹
𝑙𝑜𝑔 {

1

𝑎𝐻+
}

𝑝𝐻 =  𝑙𝑜𝑔 {
1

𝑎𝐻+
}

𝐸𝑅𝐻𝐸 = 𝐸𝑆𝐻𝐸
0 − 0.059𝑝𝐻

𝐸𝑅𝐻𝐸

𝐸𝐴𝑔/𝐴𝑔𝐶𝑙 𝑜𝑟 𝑆𝐶𝐸  = 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙 𝑜𝑟 𝑆𝐶𝐸
0 −

𝑅𝑇

𝐹
ln{𝑎𝐶𝑙−}

𝑎𝐶𝑙−



 



 

𝑂(𝑎𝑞. ) +  𝑒−(𝑚)
𝑘𝑟𝑒𝑑

⇌
𝑘𝑜𝑥

𝑅(𝑎𝑞. )

𝑘𝑟𝑒𝑑 𝑘𝑜𝑥

𝑣 𝐼

𝑣𝑜𝑥 𝑣𝑟𝑒𝑑

𝐴

𝑣 =
𝐼

𝐹𝐴
=

𝐼𝑜𝑥−𝐼𝑟𝑒𝑑

𝐹𝐴
= 𝑣𝑜𝑥 − 𝑣𝑟𝑒𝑑 = 𝑘𝑜𝑥[𝑅]0 − 𝑘𝑟𝑒𝑑[𝑂]0

[𝑅]0 [𝑂]0 𝑣𝑜𝑥

𝑣𝑟𝑒𝑑

𝐼𝑜𝑥 𝐼𝑟𝑒𝑑

Δ𝐺𝑟
ⱡ

𝑘𝑜𝑥 = 𝐴𝑓 exp (
−Δ𝐺𝑜𝑥

ⱡ

𝑅𝑇
) 𝑘𝑟𝑒𝑑 = 𝐴𝑓 exp (

−Δ𝐺𝑟𝑒𝑑
ⱡ

𝑅𝑇
)



 

𝐴𝑓

Δ𝐺𝑜𝑥
ⱡ Δ𝐺𝑟𝑒𝑑

ⱡ

η

𝐸

𝐸𝑓
0

𝑘𝑜𝑥 = 𝑘𝑎𝑝𝑝
0 𝑒𝑥𝑝 (

(1−𝛼)𝑧𝐹𝜂

𝑅𝑇
)  𝑘𝑟𝑒𝑑 = 𝑘𝑎𝑝𝑝

0 𝑒𝑥𝑝 (
−𝛼𝑧𝐹𝜂

𝑅𝑇
)

α 0 < 𝛼 < 1)

𝛼

𝛼

𝛼

𝑘𝑎𝑝𝑝
0

𝑘𝑎𝑝𝑝
0

𝐼 = 𝐹𝐴𝑔𝑒𝑜𝑚𝑘𝑎𝑝𝑝
0 {[𝑅]0𝑒𝑥𝑝 (

(1−𝛼)𝑧𝐹𝜂

𝑅𝑇
) − [𝑂]0 𝑒𝑥𝑝 (

−𝛼𝑧𝐹𝜂

𝑅𝑇
)}

𝐴𝑔𝑒𝑜𝑚 

𝑗 = 𝑗0 {𝑒𝑥𝑝 (
(1−𝛼)𝑧𝐹𝜂

𝑅𝑇
) − 𝑒𝑥𝑝 (

−𝛼𝑧𝐹𝜂

𝑅𝑇
)}

𝑒𝑥𝑝(−𝑥) ⟶ 0



 

𝑙𝑜𝑔 𝑗 = 𝑙𝑜𝑔 𝑗0 + 
(1−𝛼)𝑧𝐹

2.303𝑅𝑇
𝜂 

 

𝑙𝑜𝑔 𝑗 = 𝑙𝑜𝑔 𝑗0 − 
𝛼𝑧𝐹

2.303𝑅𝑇
𝜂

𝑙𝑜𝑔 𝑗 𝜂 𝑗0

𝛼

𝑗0



 



 

𝐽 =  −𝐷
𝜕𝐶

𝜕𝑥

𝜕𝐶

𝜕𝑡
= 𝐷

𝜕2𝐶

𝜕𝑥2

𝜕𝐶

𝜕𝑥

𝜕𝐶

𝜕𝑡

|𝐼𝐶𝑜𝑡𝑡𝑟𝑒𝑙𝑙| =
𝑧𝐹𝐴𝐷𝑜𝑥/𝑟𝑒𝑑

1 2⁄
𝐶𝑜𝑥/𝑟𝑒𝑑,𝑏𝑢𝑙𝑘

𝜋1 2⁄ 𝑡1 2⁄

𝐶𝑜𝑥/𝑟𝑒𝑑,𝑏𝑢𝑙𝑘



 

𝜂 𝐸𝑓
0

 |𝜂| ≥ 𝐸𝑓
0

𝑘𝑜𝑥/𝑟𝑒𝑑 𝜂

 |𝜂| ≫ 𝐸𝑓
0



 

𝑣𝑠𝑐𝑎𝑛

𝐼𝑝

|𝐼𝑃| = 2.69 × 105 𝑧3 2⁄  𝐴𝑔𝑒𝑜𝑚 𝐶𝑜𝑥/𝑟𝑒𝑑,𝑏𝑢𝑙𝑘𝐷𝑜𝑥/𝑟𝑒𝑑
1 2⁄

 𝑣𝑠𝑐𝑎𝑛
1/2

 

|𝐼𝑃| = 2.99 × 105 𝛼1 2⁄  𝐴𝑔𝑒𝑜𝑚 𝐶𝑜𝑥/𝑟𝑒𝑑,𝑏𝑢𝑙𝑘𝐷𝑜𝑥/𝑟𝑒𝑑
1 2⁄

 𝑣𝑠𝑐𝑎𝑛
1/2

 



 

𝒌𝒂𝒑𝒑
𝟎

𝑘𝑎𝑝𝑝
0

𝑘𝑎𝑝𝑝
0

 Δ𝐸𝑃 𝐸𝑃,𝑎  𝐸𝑃,𝑐

Δ𝐸𝑃 =  59 𝑧⁄  𝑚𝑉

 𝐼𝑃,𝑎 𝐼𝑃,𝑐  

 Δ𝐸𝑃 𝐸𝑃,𝑎  𝐸𝑃,𝑐

Δ𝐸𝑃 >  120 𝑧⁄  𝑚𝑉

 𝐸𝑃,𝑐 30 ∝⁄  𝑚𝑉

𝑣𝑠𝑐𝑎𝑛



 

 𝑘𝑎𝑝𝑝
0

 𝑘𝑎𝑝𝑝
0

𝜓

𝜓 =  𝑘𝑎𝑝𝑝
𝑂 (

𝐷𝑜

𝐷𝑅
)

𝛼 2⁄

[(
𝜋𝑧𝐹𝐷𝑜𝑣𝑠𝑐𝑎𝑛

𝑅𝑇
)]

−1 2⁄

𝐷𝑜𝑥 𝐷𝑟𝑒𝑑

𝜓 Δ𝐸𝑃  61 ≤ Δ𝐸𝑃 ≤ 212 𝑚𝑉

𝑣𝑠𝑐𝑎𝑛 Δ𝐸𝑃 𝜓 Δ𝐸𝑃

𝜓 𝑘𝑎𝑝𝑝
𝑂

𝜓

Δ𝐸𝑃 Δ𝐸𝑃 60 − 210 𝑚𝑉

𝜓 =
(−0.6288+0.0021 𝑧Δ𝐸𝑃)

(1−0.017 𝑧Δ𝐸𝑃)

𝜓 < 0.1 Δ𝐸𝑃 > 210 𝑚𝑉

𝑘𝑎𝑝𝑝
𝑂 Δ𝐸𝑃 

𝑘𝑎𝑝𝑝
𝑂 = 2.18 (

𝛼𝑧𝐹𝐷𝑣𝑠𝑐𝑎𝑛

𝑅𝑇
)

1 2⁄

𝑒𝑥𝑝 [− (
𝛼2𝐹

𝑅𝑇
) 𝑛Δ𝐸𝑃]

Δ𝐸𝑃

𝑘𝑎𝑝𝑝
𝑂 𝜓 [(

𝜋𝑧𝐹𝐷𝑣𝑠𝑐𝑎𝑛

𝑅𝑇
)]

−1 2⁄

𝜓 = 2.18 (
𝛼

𝜋
)

1 2⁄

𝑒𝑥𝑝 [− (
𝛼2𝐹

𝑅𝑇
) 𝑧Δ𝐸𝑃] 



 

𝜓 = 𝑘𝑎𝑝𝑝
𝑂 [(

𝜋𝑧𝐹𝐷𝑣𝑠𝑐𝑎𝑛

𝑅𝑇
)]

−1 2⁄

  

𝑟 𝑧𝑐𝑜𝑜𝑟𝑑

 

𝜕𝐶

𝜕𝑡
= 𝐷 [

𝜕2𝐶

𝜕𝑟2 +
1

𝑟

𝜕𝐶

𝜕𝑟
+

𝜕2𝐶

𝜕𝑧𝑐𝑜𝑜𝑟𝑑
2]

𝑟𝑒𝑙

𝐼 = 4𝑧𝐹 𝐶𝑜𝑥/𝑟𝑒𝑑,𝑏𝑢𝑙𝑘𝐷𝑜𝑥/𝑟𝑒𝑑𝑟𝑒𝑙



 

𝑑

𝑁 𝐴ℎ𝑒𝑥 =
√3

2
𝑑2) (𝐴𝑠𝑞𝑟 = 𝑑2) 𝑁

𝐴ℎ𝑒𝑥 𝐴𝑠𝑞𝑟

𝑟𝑑𝑜𝑚𝑎𝑖𝑛 𝐴𝑑𝑜𝑚𝑎𝑖𝑛 = 𝜋𝑟𝑑𝑜𝑚𝑎𝑖𝑛
2

  𝑁

𝛿

𝛿

𝛿 ≈ √𝜋𝐷𝑡 𝛿



 



 



 

𝐸𝑡

𝐼𝑡

𝑍𝐸𝐼𝑆 𝐸𝑡

𝐼𝑡

𝑍𝐸𝐼𝑆 =
𝐸𝑡

𝐼𝑡
=

𝐸0 sin(𝜔𝑡)

𝐼0 sin(𝜔𝑡+φ)
 

𝐸0 𝐼0 𝜔 2𝜋𝑓 𝑓

φ 

𝑗 =

√−1 𝑍𝐸𝐼𝑆 𝜃

𝑍′ 𝑍′′

𝑍𝐸𝐼𝑆 = |𝑍𝐸𝐼𝑆| 𝑒𝑥𝑝(𝑗𝜃) =  |𝑍𝐸𝐼𝑆| 𝑐𝑜𝑠(𝑥) +  |𝑍| 𝑗 𝑠𝑖𝑛(𝑥) = 𝑍′ + 𝑍′′



 

𝑍′′ 𝑍′

−𝑍′′ 𝑍′

𝑍𝑅 𝑍𝐶  𝑍𝐿  

𝑍𝑅 = 𝑅; 𝑍𝐶 = −
𝑗

𝜔𝐶
;  𝑍𝐿 = 𝑗𝜔𝐿

𝑅 𝐶 𝐿 



 

𝑅𝑠𝑜𝑙

𝐶𝑑𝑙

𝑅𝑐𝑡 𝑍𝑤 𝐶𝑑𝑙

−𝐼𝑅𝑠𝑜𝑙  𝑅𝑠𝑜𝑙 𝑍′

𝑅𝑐𝑡



 



 

𝑃𝑘 𝑘

𝑄𝑘  𝐸𝑏𝑒𝑎𝑚 𝐸0,𝑏𝑒𝑎𝑚

𝜈𝑏𝑒𝑎𝑚 𝜑𝑘

𝑃𝑘 = 𝛼𝑘 ∗  𝐸𝑏𝑒𝑎𝑚 = 𝛼0 ∗ 𝐸0,𝑏𝑒𝑎𝑚 cos(𝜈𝑏𝑒𝑎𝑚𝑡) + 𝑃𝑘0 cos[(𝜈0 − 𝜈𝑘)𝑡 + 𝜑𝑘] + 𝑃𝑘0 cos[(𝜈0 + 𝜈𝑘)𝑡 + 𝜑𝑘]

𝑃𝑘0 =
1

2
𝑄𝑘0𝛼𝑘

′ ∗ 𝐸0,𝑏𝑒𝑎𝑚

𝛼𝑘
′ =

𝜕𝛼𝑖𝑗
𝜕𝑄𝑘

⁄ ≠ 0

𝛼



 

𝐸2𝑔
1

𝐴1𝑔

 

𝐸2𝑔
1 𝐴1𝑔

𝐸2𝑔
1

𝐴1𝑔

Δ𝜈



 

Δ𝜈(𝐴1𝑔 − 𝐸2𝑔
1 ) = 25.8 −

8.4/𝑁 𝑁

 

 

 

ℎ𝑣



 

𝐸𝑘 𝐵𝐸

𝐵𝐸 = ℎ𝑣 − 𝐸𝑘 − 𝐸𝛷

𝐸𝛷

𝐵𝐸

 ℎ𝑣

𝐸𝑘 ∼ 0 − 1480 𝑒𝑉)



 

𝐵𝐸

≈

𝑍𝑎𝑡𝑜𝑚 𝑍𝑎𝑡𝑜𝑚

𝑍𝑎𝑡𝑜𝑚

𝑍𝑎𝑡𝑜𝑚



 



 

≈

≈

𝜃 ≈ 𝜃 ≈

𝜃 >



 



 

𝜃



 



 

≈

𝑅

𝑅 =
𝑀

Δ𝑀
=

𝑥𝑣𝑒𝑟𝑡

√Δ𝑥𝑖𝑛 + Δ𝑥𝑜𝑢𝑡

  (3.45)

𝑥𝑣𝑒𝑟𝑡

Δ𝑥𝑖𝑛 Δ𝑥𝑜𝑢𝑡



 

𝑅≈

𝑅≈



 



 

 



 



 



 



 



 

 



 



 



 



 



 

≥



 

≥



 

≤

≥

≥



 



 

≥ ≥

≈ ≈



 



 

𝑅𝑠𝑜𝑙 𝐶𝑃𝐸𝑠𝑜𝑙

𝑅𝑐𝑡

𝐶𝑃𝐸𝑐𝑡

𝑅𝑐 𝐶𝑃𝐸𝑐𝑡



 

 

≥

≥

≥



 

≥

 

𝑘𝑎𝑝𝑝
𝑂

𝜓

𝛼

𝑗𝑃 𝑣𝑠𝑐𝑎𝑛
1/2

𝛼 𝛼



 

≈

≥

≥ ≥

≥

≥

≥

≥



 

𝐸𝑎𝑛𝑜𝑑𝑖𝑐 =  𝐸𝑆𝐶𝐸 + 𝐸𝐻+/𝐻2
−

0.059𝑝𝐻 𝐸𝑐𝑎𝑡ℎ𝑜𝑑𝑖𝑐 =  −1.2 𝑉 − 0.059𝑝𝐻



 



 

×

×



 



 



 



 



 



 



 

 



 

 



 

 

 



 

 



 

 

 

 

 



 

 

 



 

 



 

 



 

 



 



 

 

 

[𝐻+] ≈ 2 × 10−6 𝑚𝑜𝑙 𝑐𝑚−3



 

|𝑗ℎ𝑎𝑙𝑓 𝑚𝑎𝑥|

𝜂



 

|𝑗ℎ𝑎𝑙𝑓 max| 𝜂 ≈

|𝑗ℎ𝑎𝑙𝑓 𝑚𝑎𝑥| 𝜂 ≈



 

|𝑗ℎ𝑎𝑙𝑓 𝑚𝑎𝑥| 𝜂 ≈

|𝑗𝑝| 𝜂 ≈

|𝑗𝑝| = 𝜂 ≈

𝑗0

𝑗0 ≈

𝑗0

|𝑗ℎ𝑎𝑙𝑓 max |

|𝑗ℎ𝑎𝑙𝑓 𝑚𝑎𝑥|



 

 

 

≈

≈



 

≈ ≈

≈

 

𝜂 log |𝑗𝑔𝑒𝑜𝑚|

 



 

 



 

 

 



 

[𝑁𝑖]𝑘 + 𝐻2𝑂 ⇌  [𝑁𝑖]𝑘(𝐻2𝑂)𝑎𝑑  ⇌  [𝑁𝑖]𝑘−1𝑁𝑖(𝑂𝐻)𝑎𝑑 +  𝐻𝑎𝑞
+ +  1𝑒− 

[𝑁𝑖]𝑘−1𝑁𝑖(𝑂𝐻)𝑎𝑑 ⇌  [𝑁𝑖]𝑘−1𝑁𝑖(𝑂𝐻+)𝑎𝑑  +  1𝑒− 

[𝑁𝑖]𝑘−1𝑁𝑖(𝑂𝐻+)𝑎𝑑 ⇌  [𝑁𝑖]𝑘−1 + 𝑁𝑖𝑂𝐻𝑎𝑞
+ +  𝐻𝑎𝑞

+  ⇌  [𝑁𝑖]𝑘 + 𝐻2𝑂 + 𝑁𝑖2+  

[𝑁𝑖]𝑘−1𝑁𝑖(𝑂𝐻+)𝑎𝑑  +  𝐻2𝑂 →  [𝑁𝑖]𝑘−1 + 𝑁𝑖(𝑂𝐻)2 +  𝐻𝑎𝑞
+  

[𝑁𝑖]𝑘−1[𝑁𝑖(𝑂𝐻)2]  ⇌  [𝑁𝑖]𝑘 + 2𝑂𝐻− + 𝑁𝑖2+ 

[𝑁𝑖]𝑘−1[𝑁𝑖(𝑂𝐻)2] ⇌ [𝑁𝑖]𝑘−1[𝑁𝑖𝑂] + 𝐻2𝑂   



 

≤

〈𝜎𝑞〉 〈𝜎𝑞〉

〈𝜎𝑞〉



 

≈

〈𝜎𝑞〉 



 

〈𝜎𝑞〉 〈𝜎𝑞〉 

〈𝜎𝑞〉 

(1̅010) (101̅0)



 

 

●

 



 

≈



 



 



 

 

 



 



 

 



 



 



 



 



 

 

 



 



 

 



 

≈

≈



 

 

 

≈

≈

≈



 

≤

≈

≈

≥

𝑅𝑐𝑡

𝑅𝑐

𝑅𝑐𝑡

𝑅𝑐



 



 

≈ ≈



 

≈ ≈

≈ ≈



 



 

≈



 

 



 



 



 



 



 



 



 



 

 



 

𝑅 𝑍

ℎ𝑛𝑎𝑛𝑜𝑐



 

 



 

 
 



 



 



 



 

≤

 

 



 

≈ ≈

≈

 

 

|𝑗𝑔𝑒𝑜𝑚|



 



 

| 𝑗𝑃| = |𝐼𝑃| 𝐴𝑔𝑒𝑜𝑚⁄

𝜈𝑠𝑐𝑎𝑛
1/2

 



 

 
 

 

|𝑗𝑃| 𝜈𝑠𝑐𝑎𝑛
1/2

𝑗 𝐴𝑑𝑜𝑚𝑎𝑖𝑛⁄

𝜏



 

≤

|𝑗𝑃| 𝜈𝑠𝑐𝑎𝑛
1/2

𝜐𝑠𝑐𝑎𝑛

𝐴𝑑𝑜𝑚𝑎𝑖𝑛 𝑑2

𝑟𝑑𝑜𝑚𝑎𝑖𝑛 √𝑑2 𝜋⁄

𝑅 𝑟𝑑𝑜𝑚𝑎𝑖𝑛 𝑟𝑛𝑎𝑛𝑜𝑐⁄

𝑍 ℎ𝑛𝑎𝑛𝑜𝑐 𝑟𝑛𝑎𝑛𝑜𝑐⁄

𝜏 𝐷𝐻+𝑡 𝑟𝑛𝑎𝑛𝑜𝑐
2⁄

𝑗 𝐼 (2𝜋𝐹𝐶𝐻+,𝑏𝑢𝑙𝑘𝐷𝐻+⁄ 𝑟𝑛𝑎𝑛𝑜𝑐)

𝑟 𝑑 𝜐𝑠𝑐𝑎𝑛



 

𝜐𝑠𝑐𝑎𝑛

≤

 



 

 
|𝑗𝑃|

𝜈𝑠𝑐𝑎𝑛
1/2

 



 

≈ |𝑗𝑃|

≤

≈



 

𝑗 𝐴𝑑𝑜𝑚𝑎𝑖𝑛⁄ 𝜏



 

 

 

 



 

≈

≈ ≈

≈

≈

≈

≈ ≈



 

 

 

𝜂 log |𝑗𝑔𝑒𝑜𝑚|

 

 

𝑘𝑎𝑝𝑝
𝑂

𝑘𝑎𝑝𝑝
𝑂

𝑘𝑎𝑝𝑝
𝑂

Δ𝐸𝑃 

Δ𝐸𝑃 

Δ𝐸𝑃

𝜐𝑠𝑐𝑎𝑛



 

Δ𝐸𝑃 𝜐𝑠𝑐𝑎𝑛 𝑘𝑎𝑝𝑝
𝑂

𝜓 [(
𝜋𝑧𝐹𝐷𝑣𝑠𝑐𝑎𝑛

𝑅𝑇
)]

−1 2⁄

𝑘𝑎𝑝𝑝
𝑂

 

𝜐𝑠𝑐𝑎𝑛

𝑘𝑎𝑝𝑝
𝑂

𝜓 [(
𝜋𝑧𝐹𝐷𝑣𝑠𝑐𝑎𝑛

𝑅𝑇
)]

−1 2⁄

𝑘𝑎𝑝𝑝
𝑂

𝑘𝑎𝑝𝑝
𝑂

𝜐𝑠𝑐𝑎𝑛



 

𝑘𝑎𝑝𝑝
𝑂

𝑘𝑎𝑝𝑝
𝑂

𝑘𝑎𝑝𝑝
𝑂

𝑘𝑎𝑝𝑝
𝑂

𝜓 [(
𝜋𝑧𝐹𝐷𝑣𝑠𝑐𝑎𝑛

𝑅𝑇
)]

−1 2⁄

𝜐𝑠𝑐𝑎𝑛



 

≤

𝑅 𝑍 𝑘𝑎𝑝𝑝
𝑂 𝑘𝑎𝑝𝑝

𝑂

𝜓 [(
𝜋𝑧𝐹𝐷𝑣𝑠𝑐𝑎𝑛

𝑅𝑇
)]

−1 2⁄

 

𝑘𝑎𝑝𝑝
𝑂



 

≈

≈

≈

≈

 

 



 

 

𝜂 log |𝑗𝑔𝑒𝑜𝑚|

|𝑗𝑔𝑒𝑜𝑚|

 



 



 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

≈ ≈

≤



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 



 



 

₂

 



 

 



 



 



 

𝑆2𝑂3
2− (𝑎𝑞) +  𝐻+ (𝑎𝑞) ⇌ 𝑆 (𝑠) + 𝐻𝑆𝑂3

− (𝑎𝑞. )  

𝑆 (𝑠) + 2𝑒− ⇌ +𝑆2− (𝑎𝑞)

𝑆2𝑂3
2− (𝑎𝑞) +  𝐻+ (𝑎𝑞) + 2𝑒− ⇌ 𝑆2− (𝑎𝑞) + 𝐻𝑆𝑂3

− (𝑎𝑞. ) 



 



 



 

𝜂

log |𝑗𝑔𝑒𝑜𝑚|



 



 

𝜐𝑠𝑐𝑎𝑛

𝑘𝑎𝑝𝑝
𝑂



 

|𝑗| = 0.05 𝑚𝐴 𝑐𝑚−2

|𝑗| = 0.05 𝑚𝐴 𝑐𝑚−2

≈ ≈



 



 

𝑘𝑎𝑝𝑝
𝑂 ≈

𝑘𝑎𝑝𝑝
𝑂

𝑘𝑎𝑝𝑝
𝑂

𝑘𝑎𝑝𝑝
𝑂 𝑘𝑎𝑝𝑝

𝑂

𝜓

[(
𝜋𝑧𝐹𝐷𝑣𝑠𝑐𝑎𝑛

𝑅𝑇
)]

−1 2⁄

𝑘𝑎𝑝𝑝
𝑂 𝑘𝑎𝑝𝑝

𝑂

𝜓

[(
𝜋𝑧𝐹𝐷𝑣𝑠𝑐𝑎𝑛

𝑅𝑇
)]

−1 2⁄

𝑘𝑎𝑝𝑝
𝑂



 

≤



 



 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 



 



 



 



 

[𝑀𝑜𝑆4]2− →  𝑀𝑜𝑆3 + 1 8⁄ 𝑆8 + 2𝑒− (𝑎𝑛𝑜𝑑𝑖𝑐)

[𝑀𝑜𝑆4]2− +  2𝐻2𝑂 + 2𝑒−  →  𝑀𝑜𝑆2 + 2𝐻𝑆− +  2𝑂𝐻− (𝑐𝑎𝑡ℎ𝑜𝑑𝑖𝑐)

< 𝜎𝑞 >



 

< 𝜎𝑞 >

< 𝜎𝑞 >

×

 

< 𝜎𝑞 >



 



 

≈

≈ ≤ ≤

≈

≈



 

≈ ×



 



 



 

𝑀𝑜𝐼𝑉(𝑆 − 𝑆)𝑏𝑟/𝑡𝑀𝑜𝐼𝑉 + 2 𝐻+ + 2 𝑒− ⇌ 2 𝑀𝑜𝐼𝑉 − 𝑆𝐻

𝑀𝑜𝐼𝑉[(𝑆 − 𝑆)𝑡]2− +  2 𝐻+ + 2 𝑒− →  𝑀𝑜𝐼𝑉 − ∎ + 2 𝐻𝑆− 



 

≥

≤ ≥

𝑀𝑜𝑉𝑂𝑏𝑆𝑐 + 1 𝑒− → 𝑀𝑜𝐼𝑉𝑂𝑏𝑆𝑐

𝑀𝑜𝐼𝑉𝑂𝑆 + 𝑀𝑜𝐼𝑉𝑂𝑆2 + 2𝐻2𝑂 +  2 𝑒− → 2 𝑀𝑜𝑂2 +  3 𝐻𝑆− + 1 𝐻+



 



 

≤ ≤

≈

≈

≈

≈ ≤ ≤

≈

≈

≤ ≤ ≈



 

≤ ≤

≤

𝐻3𝑂+ +  1 𝑒− → 1/2 𝐻2 +  𝐻2𝑂 ≥

𝐻2𝑂 +  1 𝑒− → 1/2 𝐻2 +  𝑂𝐻−

≤

≈

≤ ≤

≈ ≈

≈

≈



 

≤ ≤

≥



 



 



 

≥



 



 



 

≈



 



 

2 𝑀𝑜𝐼𝑉 − 𝑆𝐻 ⇌ 𝑀𝑜𝐼𝑉(𝑆 − 𝑆)𝑏𝑟/𝑡𝑀𝑜𝐼𝑉 + 2 𝐻+ + 2 𝑒−

𝑀𝑜𝐼𝑉 − 𝑆𝐻 +  6 𝐻2𝑂 →  𝑀𝑜𝑂2 +  𝐻𝑆𝑂4
− +  12𝐻+ +  11𝑒−

𝑀𝑜𝐼𝑉 − 𝑆𝐻 +  6 𝐻2𝑂 →  𝑀𝑜𝑂2 +  𝑆𝑂4
2− +  13𝐻+ +  11𝑒− 

≤ ≤

𝑀𝑜𝑂2 + 2 𝐻2𝑂 →
1

2
𝑀𝑜𝑂4

2− + 4 𝐻+ + 2 𝑒−



 

≤

≤ ≤



 



 

≈

≈ ≈

≈

≈



 



 



 

● 



 

≈

≈



 

(
𝐼𝑝𝑒𝑎𝑘,𝐼𝐼𝐼

𝐼𝑝𝑒𝑎𝑘,𝐼𝐼𝐼+𝐼𝑝𝑒𝑎𝑘,𝐼𝑉
) (

𝐼𝑝𝑒𝑎𝑘,𝐼𝑉

𝐼𝑝𝑒𝑎𝑘,𝐼𝐼𝐼+𝐼𝑝𝑒𝑎𝑘,𝐼𝑉
)

(
𝐼𝑝𝑒𝑎𝑘,𝐼𝐼𝐼

𝐼𝑝𝑒𝑎𝑘,𝐼𝐼𝐼+𝐼𝑝𝑒𝑎𝑘,𝐼𝑉
)  (

𝐼𝑝𝑒𝑎𝑘,𝐼𝑉

𝐼𝑝𝑒𝑎𝑘,𝐼𝐼𝐼+𝐼𝑝𝑒𝑎𝑘,𝐼𝑉
)



 



 

 



 



 



 

≤



 

≈ ≈ ≈

≤ ≤



 

𝜂𝐻𝐸𝑅@ |2.5 𝑚𝐴 𝑐𝑚−2| = 𝜂𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − 𝜂𝑓𝑖𝑛𝑎𝑙

𝜂𝐻𝐸𝑅@ |2.5 𝑚𝐴 𝑐𝑚−2|



 



 

𝜂𝐻𝐸𝑅@ |2.5 𝑚𝐴 𝑐𝑚−2|



 



 

𝜂𝐻𝐸𝑅@ |2.5 𝑚𝐴 𝑐𝑚−2|



 

𝜂𝐻𝐸𝑅@ |2.5 𝑚𝐴 𝑐𝑚−2|



 



 

𝜂𝐻𝐸𝑅@ |5 𝑚𝐴 𝑐𝑚−2|

𝜂𝐻𝐸𝑅@ |5 𝑚𝐴 𝑐𝑚−2|

≤ ≤



 

≤ ≤

≤ ≤

≤ ≤

𝜂𝐻𝐸𝑅@ |5 𝑚𝐴 𝑐𝑚−2|

≤ ≤ ≤ ≤

≤ ≤



 



 

≤ ≤

≤ ≤



 



 

𝜂𝐻𝐸𝑅@ |5 𝑚𝐴 𝑐𝑚−2|

𝜂𝐻𝐸𝑅@ |5 𝑚𝐴 𝑐𝑚−2|



 

≥

≤



 

≤

≤ ≤

≤ ≤



 

≤ ≤

≤ ≤

𝜂𝐻𝐸𝑅@ |2.5 𝑚𝐴 𝑐𝑚−2|

≤ ≤ ≤ ≤



 

≤ ≤



 



 



 



 









⇌









[𝑊𝑆4]2− →  𝑊𝑆3 +  1 8⁄ 𝑆8 +  2𝑒− 

𝑊𝑆3 + 1 8⁄ 𝑆8 +  2𝑒−  →  [𝑊𝑆4]2−

𝑊𝑆3 +  2 𝐻+ + 2𝑒−  →  𝑊𝑆2 + 𝐻2𝑆









≥

≤ 











∆𝐸𝑂𝐸𝑅

∆𝐸𝑂𝐸𝑅





𝐸𝑂𝐸𝑅,𝑡0
 𝐸𝑂𝐸𝑅,𝑡𝑓

∆𝐸𝑂𝐸𝑅

𝐸𝑂𝐸𝑅,𝑡0
𝐸𝑂𝐸𝑅,𝑡𝑓

∆𝐸𝑂𝐸𝑅



𝑅𝑓 (𝐴𝐸𝐶𝑆𝐴/𝐴𝑔𝑒𝑜𝑚) 𝑅𝑓

𝑅𝑓





𝑅𝑓



𝑅𝑓

𝑅𝑓

𝑅𝑓

𝑅𝑓

≤

𝑅𝑓

𝑅𝑓



≥ ≤

≈

≤ ≤

≈



≈ ≈ 

≈ ≈

𝑅𝑓

𝑅𝑓

𝑅𝑓



𝑅𝑓

≫



𝑅𝑓

𝑅𝑓

𝐸𝑂𝐸𝑅,𝑡𝑓

∆𝐸𝑂𝐸𝑅

∆𝐸𝑂𝐸𝑅 𝐸𝑂𝐸𝑅,𝑡𝑓

𝐸𝑂𝐸𝑅,𝑡𝑓
∆𝐸𝑂𝐸𝑅



𝑅𝑓





𝐸𝑂𝐸𝑅,𝑡0
 𝐸𝑂𝐸𝑅,𝑡𝑓

∆𝐸𝑂𝐸𝑅

𝐸𝑂𝐸𝑅,𝑡0
𝐸𝑂𝐸𝑅,𝑡𝑓

∆𝐸𝑂𝐸𝑅



𝑅𝑓 (𝐴𝐸𝐶𝑆𝐴/𝐴𝑔𝑒𝑜𝑚) 𝑅𝑓

𝑅𝑓



𝑅𝑓 ∆𝐸𝑂𝐸𝑅





 









 



 

≈



 

≈

≈



 

≤ ≤ ≈

≈



 

𝜂𝐻𝐸𝑅@ |2.5 𝑚𝐴 𝑐𝑚−2|

≤ ≤

≤ ≤



 

𝑅𝑓 ∆𝐸𝑂𝐸𝑅

≈



 



 

≤ ≤



 



 



 



 



 



 

𝐶𝑛𝐻𝑚 + 𝑛 𝐻2𝑂 ⇌   𝑛 𝐶𝑂 + (𝑛 +
𝑚

2
)𝐻2 (𝐴𝑝. 1.1)

 𝐶𝑂 + 𝐻2𝑂 ⇌   𝐶𝑂2 + 𝐻2 (𝐴𝑝. 1.2)



 

𝐶𝑛𝐻𝑚 +
𝑛

2
 𝑂2  ⇌   𝑛 𝐶𝑂 + (

𝑚

2
)𝐻2  (𝐴𝑝. 1.3)

𝐶𝑛𝐻𝑚 +
𝑛

2
 𝑂2 +  𝑛 𝐻2𝑂  ⇌   𝑛 𝐶𝑂2 + (

𝑚

2
)𝐻2 (𝐴𝑝. 1.4)

2𝐶 + 
1

2
 𝑂2 +  1 𝐻2𝑂  ⇌   2 𝐶𝑂 + 𝐻2 (𝐴𝑝. 1.5)

𝐵𝑖𝑜𝑚𝑎𝑠𝑠 + ℎ𝑒𝑎𝑡 + 𝑠𝑡𝑒𝑎𝑚 → 𝐻2 + 𝐶𝑂 + 𝐶𝑂2 +  𝐶𝐻4 + ℎ𝑦𝑑𝑟𝑜𝑐𝑎𝑟𝑏𝑜𝑛𝑠 + 𝑐ℎ𝑎𝑟 (𝐴𝑝. 1.6)

𝐶𝑂 + 𝐻2𝑂 ⇌   𝐶𝑂2 + 𝐻2  (𝐴𝑝. 1.7)



 



 



 

𝐶𝑛𝐻𝑚
ℎ𝑒𝑎𝑡
→    𝑛 𝐶 +

𝑚

2
𝐻2 (𝐴𝑝. 1.8)



 



 

𝜎 𝜎∗

𝜎 𝜎∗



 

≈



 



 



 

𝐸2𝑔
1



 

𝐴1𝑔 𝐸2𝑔
1

𝐴1𝑔

Δ𝜈

Δ𝜈(𝐴1𝑔 − 𝐸2𝑔
1 ) = 25.8 − 8.4/𝑁 𝑁

𝐴1𝑔

𝐸2𝑔
1

𝐸2𝑔
2 𝜈

𝐸2𝑔
2

𝐵2𝑔
2  

𝐵2𝑔
2 𝐸2𝑔

2  

𝐸2𝑔
2  



 

𝐸2𝑔
1 𝐴1𝑔

𝐸2𝑔
2  𝐵2𝑔

2



 



 



 



 



 

𝐼𝑀𝑜 = 4.09 × 𝐼𝑆 = 1.81 × 𝐼𝑁𝑖  (𝐴𝑝. 3.1)

(𝐼𝑀𝑜  × 𝑁𝑀𝑜) + (𝐼𝑆  ×  2𝑁𝑀𝑜) + (𝐼𝑁𝑖  ×  𝑥) =  𝐼𝑐𝑙𝑢𝑠𝑡𝑒𝑟  (𝐴𝑝. 3.2)

𝑥

𝑥 = 1.81
 𝐼𝑐𝑙𝑢𝑠𝑡𝑒𝑟
𝐼𝑀𝑜

− (2.67 × 𝑁𝑀𝑜)  (𝐴𝑝. 3.3)  



 



 

𝑇𝑂𝐹 𝑝𝑒𝑟 𝑠𝑖𝑡𝑒 =
𝑇𝑜𝑡𝑎𝑙 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝑡𝑢𝑟𝑛𝑜𝑣𝑒𝑟𝑠/𝑐𝑚2𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑎𝑟𝑒𝑎

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙𝑙𝑦 𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒𝑠/𝑐𝑚2𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑎𝑟𝑒𝑎
 (𝐴𝑝.  5.1)

𝑗𝑔𝑒𝑜𝑚,ℎ𝑎𝑙𝑓 𝑚𝑎𝑥  
𝑚𝐴

𝑐𝑚𝑔𝑒𝑜𝑚
2 ·  

1 𝐴

1000 𝑚𝐴
·
1 𝐶/𝑠

1 𝐴
·
1 𝑚𝑜𝑙 𝑒−

96485 𝐶
·
1 𝑚𝑜𝑙 𝐻2
2 𝑚𝑜𝑙 𝑒−

·
6.023 × 1023 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝐻2

1 𝑚𝑜𝑙 𝐻2 

=  𝑗𝑔𝑒𝑜𝑚,ℎ𝑎𝑙𝑓 𝑚𝑎𝑥 ∗ 3.12 × 10
15
𝑚𝑜𝑙𝑒𝑐

𝐻2
𝑠

𝑐𝑚𝑔𝑒𝑜𝑚
2  𝑝𝑒𝑟 

𝑚𝐴

𝑐𝑚𝑔𝑒𝑜𝑚
2  (𝐴𝑝. 5.2)

𝑣𝑠𝑐𝑎𝑛

|𝑗𝑔𝑒𝑜𝑚,ℎ𝑎𝑙𝑓 max | ∗ 3.12 × 10
15
𝑚𝑜𝑙𝑒𝑐

𝐻2
𝑠

𝑐𝑚𝑔𝑒𝑜𝑚
2  𝑝𝑒𝑟 

𝑚𝐴

𝑐𝑚𝑔𝑒𝑜𝑚
2 = 0.4 

𝑚𝐴

𝑐𝑚𝑔𝑒𝑜𝑚
2 ∗  3.12 × 1015

= 1.25 × 1015
𝑚𝑜𝑙𝑒𝑐

𝐻2
𝑠

𝑐𝑚𝑔𝑒𝑜𝑚
2   (𝐴𝑝. 5.3)



 

|𝑗𝑔𝑒𝑜𝑚,ℎ𝑎𝑙𝑓 max | ∗ 3.12 × 10
15
𝑚𝑜𝑙𝑒𝑐

𝐻2
𝑠

𝑐𝑚𝑔𝑒𝑜𝑚
2  𝑝𝑒𝑟 

𝑚𝐴

𝑐𝑚𝑔𝑒𝑜𝑚
2 = 0.60 

𝑚𝐴

𝑐𝑚𝑔𝑒𝑜𝑚
2 ∗  3.12 × 1015

= 1.87 × 1015
𝑚𝑜𝑙𝑒𝑐

𝐻2
𝑠

𝑐𝑚𝑔𝑒𝑜𝑚
2  (𝐴𝑝. 5.4) 

𝑣𝑠𝑐𝑎𝑛

|𝑗𝑔𝑒𝑜𝑚,ℎ𝑎𝑙𝑓 max | ∗ 3.12 × 10
15
𝑚𝑜𝑙𝑒𝑐

𝐻2
𝑠

𝑐𝑚𝑔𝑒𝑜𝑚
2  𝑝𝑒𝑟 

𝑚𝐴

𝑐𝑚𝑔𝑒𝑜𝑚
2 = 0.31 

𝑚𝐴

𝑐𝑚𝑔𝑒𝑜𝑚
2 ∗  3.12 × 1015

= 9.56 × 1014
𝑚𝑜𝑙𝑒𝑐

𝐻2
𝑠

𝑐𝑚𝑔𝑒𝑜𝑚
2  (𝐴𝑝. 5.5)

𝑀𝑜𝑆2 +  7 𝐻2𝑂 →  𝑀𝑜𝑂3 +  𝑆𝑂4
2− + 

1

2
 𝑆2
2− +  14𝐻+ +  11𝑒− (𝐴𝑝. 5.6)

- 32.7 𝜇𝐶 𝑐𝑚𝑔𝑒𝑜𝑚
2⁄



 

- 13.4 𝜇𝐶 𝑐𝑚𝑔𝑒𝑜𝑚
2⁄

-  26.8 𝜇𝐶 𝑐𝑚𝑔𝑒𝑜𝑚
2⁄

-  14.3 𝜇𝐶 𝑐𝑚𝑔𝑒𝑜𝑚
2⁄

- 54.5 𝜇𝐶 𝑐𝑚𝑔𝑒𝑜𝑚
2⁄

〈𝜎𝑞〉

〈𝜎𝑞〉
𝜇𝐶

𝑐𝑚𝑔𝑒𝑜𝑚
2 ·  

1 𝐶

1 × 106 𝜇𝐶
·
1 𝑚𝑜𝑙 𝑒−

96485 𝐶
·
1 𝑚𝑜𝑙 𝑀𝑜𝑆2
11 𝑚𝑜𝑙 𝑒−

·
6.023 × 1023 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑀𝑜𝑆2

1 𝑚𝑜𝑙 𝑀𝑜𝑆2

=  〈𝜎𝑞〉 ∗ 5.67 × 10
11
𝑚𝑜𝑙𝑒𝑐 𝑀𝑜𝑆2

𝑐𝑚𝑔𝑒𝑜𝑚
2   (𝐴𝑝. 5.7)

〈𝜎𝑞〉 ∗ 5.67 × 10
11
𝑚𝑜𝑙𝑒𝑐 𝑀𝑜𝑆2
𝑐𝑚𝑔𝑒𝑜𝑚

2
= 32.7 ∗ 5.67 × 1011

𝑚𝑜𝑙𝑒𝑐 𝑀𝑜𝑆2
𝑐𝑚𝑔𝑒𝑜𝑚

2
= 1.86 × 1013

𝑚𝑜𝑙𝑒𝑐 𝑀𝑜𝑆2
𝑐𝑚𝑔𝑒𝑜𝑚

2
 (𝐴𝑝. 5.8)

〈𝜎𝑞〉 ∗ 5.67 × 10
11
𝑚𝑜𝑙𝑒𝑐 𝑀𝑜𝑆2
𝑐𝑚𝑔𝑒𝑜𝑚

2
= 54.5 ∗ 5.67 × 1011

𝑚𝑜𝑙𝑒𝑐 𝑀𝑜𝑆2
𝑐𝑚𝑔𝑒𝑜𝑚

2
= 3.09 × 1013

𝑚𝑜𝑙𝑒𝑐 𝑀𝑜𝑆2
𝑐𝑚𝑔𝑒𝑜𝑚

2
 (𝐴𝑝. 5.9)

𝑣𝑠𝑐𝑎𝑛

𝑇𝑂𝐹 𝑝𝑒𝑟 𝑠𝑖𝑡𝑒 =

1.25 × 1015
𝑚𝑜𝑙𝑒𝑐

𝐻2
𝑠

𝑐𝑚𝑔𝑒𝑜𝑚
2  

1.86 × 1013
𝑚𝑜𝑙𝑒𝑐 𝑀𝑜𝑆2
𝑐𝑚𝑔𝑒𝑜𝑚

2

= 67.1
𝑚𝑜𝑙𝑒𝑐

𝐻2
𝑠

𝑎𝑐𝑡𝑖𝑣𝑒 𝑀𝑜𝑆2 𝑠𝑖𝑡𝑒𝑠
  (𝐴𝑝. 5.10)



 

𝑇𝑂𝐹 𝑝𝑒𝑟 𝑠𝑖𝑡𝑒 =

1.87 × 1015
𝑚𝑜𝑙𝑒𝑐

𝐻2
𝑠

𝑐𝑚𝑔𝑒𝑜𝑚
2  

3.09 × 1013
𝑚𝑜𝑙𝑒𝑐 𝑀𝑜𝑆2
𝑐𝑚𝑔𝑒𝑜𝑚

2

= 60.3
𝑚𝑜𝑙𝑒𝑐

𝐻2
𝑠

𝑎𝑐𝑡𝑖𝑣𝑒 𝑀𝑜𝑆2 𝑠𝑖𝑡𝑒𝑠
 (𝐴𝑝. 5.11)

𝑇𝑂𝐹 𝑝𝑒𝑟 𝑠𝑖𝑡𝑒 =

9.56 × 1014
𝑚𝑜𝑙𝑒𝑐

𝐻2
𝑠

𝑐𝑚𝑔𝑒𝑜𝑚
2  

3.09 × 1013
𝑚𝑜𝑙𝑒𝑐 𝑀𝑜𝑆2
𝑐𝑚𝑔𝑒𝑜𝑚

2

= 30.9
𝑚𝑜𝑙𝑒𝑐

𝐻2
𝑠

𝑎𝑐𝑡𝑖𝑣𝑒 𝑀𝑜𝑆2 𝑠𝑖𝑡𝑒𝑠
 (𝐴𝑝. 5.12)

~

|𝑗𝑔𝑒𝑜𝑚,ℎ𝑎𝑙𝑓 max | 𝑣𝑠𝑐𝑎𝑛



 

|𝑗𝑔𝑒𝑜𝑚,ℎ𝑎𝑙𝑓 max | ∗ 3.12 × 10
15
𝑚𝑜𝑙𝑒𝑐

𝐻2
𝑠

𝑐𝑚𝑔𝑒𝑜𝑚
2  𝑝𝑒𝑟 

𝑚𝐴

𝑐𝑚𝑔𝑒𝑜𝑚
2 = 0.303 

𝑚𝐴

𝑐𝑚𝑔𝑒𝑜𝑚
2 ∗  3.12 × 1015

= 9.46 × 1014
𝑚𝑜𝑙𝑒𝑐

𝐻2
𝑠

𝑐𝑚𝑔𝑒𝑜𝑚
2  (𝐴𝑝. 5.13) 

|𝑗𝑔𝑒𝑜𝑚,ℎ𝑎𝑙𝑓 max | ∗ 3.12 × 10
15
𝑚𝑜𝑙𝑒𝑐

𝐻2
𝑠

𝑐𝑚𝑔𝑒𝑜𝑚
2  𝑝𝑒𝑟 

𝑚𝐴

𝑐𝑚𝑔𝑒𝑜𝑚
2 = 0.328

𝑚𝐴

𝑐𝑚𝑔𝑒𝑜𝑚
2 ∗  3.12 × 1015

= 1.02 × 1015
𝑚𝑜𝑙𝑒𝑐

𝐻2
𝑠

𝑐𝑚𝑔𝑒𝑜𝑚
2  (𝐴𝑝. 5.14) 

|𝑗𝑔𝑒𝑜𝑚,ℎ𝑎𝑙𝑓 max | ∗ 3.12 × 10
15
𝑚𝑜𝑙𝑒𝑐

𝐻2
𝑠

𝑐𝑚𝑔𝑒𝑜𝑚
2  𝑝𝑒𝑟 

𝑚𝐴

𝑐𝑚𝑔𝑒𝑜𝑚
2 = 0.614 

𝑚𝐴

𝑐𝑚𝑔𝑒𝑜𝑚
2 ∗  3.12 × 1015

= 1.92 × 1015
𝑚𝑜𝑙𝑒𝑐

𝐻2
𝑠

𝑐𝑚𝑔𝑒𝑜𝑚
2  (𝐴𝑝. 5.15)

|𝑗𝑔𝑒𝑜𝑚,ℎ𝑎𝑙𝑓 max | ∗ 3.12 × 10
15
𝑚𝑜𝑙𝑒𝑐

𝐻2
𝑠

𝑐𝑚𝑔𝑒𝑜𝑚
2  𝑝𝑒𝑟 

𝑚𝐴

𝑐𝑚𝑔𝑒𝑜𝑚
2 = 0.556 

𝑚𝐴

𝑐𝑚𝑔𝑒𝑜𝑚
2 ∗  3.12 × 1015

= 1.73 × 1015
𝑚𝑜𝑙𝑒𝑐

𝐻2
𝑠

𝑐𝑚𝑔𝑒𝑜𝑚
2  (𝐴𝑝. 5.16)



 

(𝑀𝑜𝑆𝑥)1000, 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 (
𝑛𝑔

𝑐𝑚𝑔𝑒𝑜𝑚
2 ) ·  

1 𝑔

109 𝑛𝑔
·
1 𝑚𝑜𝑙 𝑀𝑜𝑆2

160.07 𝑔 𝑀𝑜𝑆2
·
6.023×1023 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑀𝑜𝑆2

1 𝑚𝑜𝑙 𝑀𝑜𝑆2 
=

(𝑀𝑜𝑆𝑥)1000, 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 ∗  3.76 × 10
12 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑀𝑜𝑆2

𝑛𝑔
 (𝐴𝑝. 5.17)

(𝑀𝑜𝑆𝑥)1000, 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 (
𝑛𝑔

𝑐𝑚𝑔𝑒𝑜𝑚
2 ) ∗  3.76 × 1012

𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑀𝑜𝑆2
𝑛𝑔

= 83.78
𝑛𝑔

𝑐𝑚𝑔𝑒𝑜𝑚
2 ∗ 3.76 × 1012

𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑀𝑜𝑆2
𝑛𝑔

= 3.15 × 1014
𝑚𝑜𝑙𝑒𝑐 𝑀𝑜𝑆2

𝑐𝑚𝑔𝑒𝑜𝑚
2  (𝐴𝑝. 5.18)

(𝑀𝑜𝑆𝑥)1000, 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 (
𝑛𝑔

𝑐𝑚𝑔𝑒𝑜𝑚
2 ) ∗  3.76 × 1012

𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑀𝑜𝑆2
𝑛𝑔

= 335.12
𝑛𝑔

𝑐𝑚𝑔𝑒𝑜𝑚
2 ∗ 3.76 × 1012

𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑀𝑜𝑆2
𝑛𝑔

= 1.26 × 1015
𝑚𝑜𝑙𝑒𝑐 𝑀𝑜𝑆2

𝑐𝑚𝑔𝑒𝑜𝑚
2  (𝐴𝑝. 5.19)



 

𝑇𝑂𝐹 𝑝𝑒𝑟 𝑠𝑖𝑡𝑒 =

9.46 × 1014
𝑚𝑜𝑙𝑒𝑐

𝐻2
𝑠

𝑐𝑚𝑔𝑒𝑜𝑚
2  

3.15 × 1014
𝑚𝑜𝑙𝑒𝑐 𝑀𝑜𝑆2
𝑐𝑚𝑔𝑒𝑜𝑚

2

= 3.0
𝑚𝑜𝑙𝑒𝑐

𝐻2
𝑠

𝑎𝑐𝑡𝑖𝑣𝑒 𝑀𝑜𝑆2 𝑠𝑖𝑡𝑒𝑠
 (𝐴𝑝. 5.20) 

𝑇𝑂𝐹 𝑝𝑒𝑟 𝑠𝑖𝑡𝑒 =

1.92 × 1015
𝑚𝑜𝑙𝑒𝑐

𝐻2
𝑠

𝑐𝑚𝑔𝑒𝑜𝑚
2  

3.15 × 1014
𝑚𝑜𝑙𝑒𝑐 𝑀𝑜𝑆2
𝑐𝑚𝑔𝑒𝑜𝑚

2

= 6.1
𝑚𝑜𝑙𝑒𝑐

𝐻2
𝑠

𝑎𝑐𝑡𝑖𝑣𝑒 𝑀𝑜𝑆2 𝑠𝑖𝑡𝑒𝑠
 (𝐴𝑝. 5.21)

𝑇𝑂𝐹 𝑝𝑒𝑟 𝑠𝑖𝑡𝑒 =

1.02 × 1015
𝑚𝑜𝑙𝑒𝑐

𝐻2
𝑠

𝑐𝑚𝑔𝑒𝑜𝑚
2  

1.26 × 1015
𝑚𝑜𝑙𝑒𝑐 𝑀𝑜𝑆2
𝑐𝑚𝑔𝑒𝑜𝑚

2

= 0.8
𝑚𝑜𝑙𝑒𝑐

𝐻2
𝑠

𝑎𝑐𝑡𝑖𝑣𝑒 𝑀𝑜𝑆2 𝑠𝑖𝑡𝑒𝑠
 (𝐴𝑝. 5.22) 

𝑇𝑂𝐹 𝑝𝑒𝑟 𝑠𝑖𝑡𝑒 =

1.73 × 1015
𝑚𝑜𝑙𝑒𝑐

𝐻2
𝑠

𝑐𝑚𝑔𝑒𝑜𝑚
2  

1.26 × 1015
𝑚𝑜𝑙𝑒𝑐 𝑀𝑜𝑆2
𝑐𝑚𝑔𝑒𝑜𝑚

2

= 1.4
𝑚𝑜𝑙𝑒𝑐

𝐻2
𝑠

𝑎𝑐𝑡𝑖𝑣𝑒 𝑀𝑜𝑆2 𝑠𝑖𝑡𝑒𝑠
 (𝐴𝑝. 5.23)



 

|𝑗ℎ𝑎𝑙𝑓 max | 

𝜂

|𝑗𝑝| 

𝜂

𝑗0 𝑗0,𝑛𝑜𝑟𝑚 

× 
× 
× × 

× 
× × 

𝑗ℎ𝑎𝑙𝑓 𝑚𝑎𝑥

𝑗𝑝 𝑗0

𝑗0,𝑛𝑜𝑟𝑚



 

|𝒋𝒉𝒂𝒍𝒇 𝐦𝐚𝐱 | 

|𝜼𝒉𝒂𝒍𝒇 𝐦𝐚𝐱 |

𝒋𝟎 𝒋𝟎,𝒏𝒐𝒓𝒎 

|𝒋𝒉𝒂𝒍𝒇 𝐦𝐚𝐱 | 
|𝒋𝒉𝒂𝒍𝒇 𝐦𝐚𝐱 |

× × × 

× × × 

× × × 

× × × 

𝑗ℎ𝑎𝑙𝑓 𝑚𝑎𝑥 𝑗0

𝑗0,𝑛𝑜𝑟𝑚

|𝜂ℎ𝑎𝑙𝑓 max |



 

𝜼 / 𝒎𝑽 𝑹𝒔𝒐𝒍/ 𝛀 𝑹𝒄𝒕/ 𝛀 𝑪𝑷𝑬𝒄𝒕/ 𝑭
−𝟏𝒔𝟏−𝒏 𝑹𝒄 / 𝛀 𝑪𝑷𝑬𝒄/ 𝑭

−𝟏𝒔𝟏−𝒏 𝑪𝑷𝑬𝒔𝒐𝒍/ 𝑭
−𝟏𝒔𝟏−𝒏

𝑛 𝑛 𝑛

𝑛 𝑛 𝑛

𝑛 𝑛 𝑛

𝑛 𝑛 𝑛

𝑛 𝑛 𝑛

𝑛 𝑛 𝑛



 



 



 



 

≥



 



 

 

log  (𝑗/𝐴𝑑𝑜𝑚𝑎𝑖𝑛) log (𝜏)

𝐼𝐶𝑜𝑡𝑡𝑟𝑒𝑙𝑙 =
𝑧𝐹𝐴𝐷

𝐻+
1 2⁄ 𝐶𝐻+,𝑏𝑢𝑙𝑘

𝜋1 2⁄ 𝑡1 2⁄
 (𝐴𝑝. 9.1)

𝐻(𝑎𝑞)
+ + 1𝑒−  →  1 2⁄  𝐻2(𝑔) 𝐹 𝐴

𝐷𝐻+ 𝐷𝐻+ ≈ 7.9 ×

10−5 𝑐𝑚2 𝑠−1 𝐶𝐻+,𝑏𝑢𝑙𝑘 [𝐻+] ≈

 2 × 10−6 𝑚𝑜𝑙𝑠 𝑐𝑚−3 𝑡

𝐴 𝐴𝑔𝑒𝑜𝑚 𝐴

𝐴𝑛𝑎𝑛𝑜𝑐 + 𝑏𝑎𝑠𝑎𝑙 𝑝𝑙𝑎𝑛𝑒



 

ℎ𝑛𝑎𝑛𝑜𝑐 𝑟𝑛𝑎𝑛𝑜𝑐

𝑑𝑖𝑛𝑡𝑒𝑟𝑠𝑝𝑎𝑐𝑖𝑛𝑔

𝐴𝑛𝑎𝑛𝑜𝑐 =  𝜋 𝑟𝑛𝑎𝑛𝑜𝑐√𝑟𝑛𝑎𝑛𝑜𝑐
2 + ℎ𝑛𝑎𝑛𝑜𝑐

2  (𝐴𝑝 9.2)

𝐴𝑛𝑎𝑛𝑜𝑐,𝑡𝑜𝑡 = 𝐴𝑛𝑎𝑛𝑜𝑐 ∗ 
𝐴𝑔𝑒𝑜𝑚

 𝜋𝑟𝑛𝑎𝑛𝑜𝑐
2 ∗

𝜋𝑟𝑛𝑎𝑛𝑜𝑐
2

𝐴𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙 
 = 𝐴𝑛𝑎𝑛𝑜𝑐 ∗  

𝐴𝑔𝑒𝑜𝑚

 𝐴𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙
 (𝐴𝑝. 9.3)

𝐴𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙 = (2 𝑟𝑛𝑎𝑛𝑜𝑐 + 𝑑𝑖𝑛𝑡𝑒𝑟𝑠𝑝𝑎𝑐𝑖𝑛𝑔) 
2  (𝐴𝑝. 9.4)

𝐴𝑏𝑎𝑠𝑎𝑙 𝑝𝑙𝑎𝑛𝑒 = (𝐴𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙 − 𝜋 𝑟𝑛𝑎𝑛𝑜𝑐
2 ) ∗  

𝐴𝑔𝑒𝑜𝑚

 𝐴𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙
 (𝐴𝑝. 9.5)

𝐴𝑛𝑎𝑛𝑜𝑐 + 𝑏𝑎𝑠𝑎𝑙 𝑝𝑙𝑎𝑛𝑒 = 𝐴𝑛𝑎𝑛𝑜𝑐,𝑡𝑜𝑡 + 𝐴𝑏𝑎𝑠𝑎𝑙 𝑝𝑙𝑎𝑛𝑒  (𝐴𝑝. 9.6)

𝐼𝐶𝑜𝑡𝑡𝑟𝑒𝑙𝑙 log (
𝐼

2𝜋𝑧𝐹𝐶𝐷𝑟𝑛𝑎𝑛𝑜𝑐∗𝐴𝑑𝑜𝑚𝑎𝑖𝑛
)   

𝐴𝑑𝑜𝑚𝑎𝑖𝑛 = 𝜋𝑟𝑑𝑜𝑚𝑎𝑖𝑛
2 = 𝑑2 𝑑



 

𝐼𝐶

𝐴𝐸𝐶𝑆𝐴

|𝐼𝐶| = 𝜈𝑠𝑐𝑎𝑛 ∗ 𝐶𝑑𝑙 ∗ 𝐴𝐸𝐶𝑆𝐴  (𝐴𝑝. 9.7)

𝐼𝐶

 𝐴𝐸𝐶𝑆𝐴

 |𝐼𝐶| |𝐼𝐶,𝑓𝑙𝑎𝑡|⁄

𝑅𝑓 =  𝐴𝐸𝐶𝑆𝐴 𝐴𝑔𝑒𝑜𝑚⁄   (𝐴𝑝. 9.8)

|𝐼𝐶|

|𝑗𝐶| =  |𝐼𝐶| 𝐴𝑔𝑒𝑜𝑚⁄

𝜈𝑠𝑐𝑎𝑛 𝐶𝑑𝑙

𝜇𝐹 𝑐𝑚𝑔𝑒𝑜𝑚
−2



 

𝐶𝑑𝑙

𝐶𝑑𝑙

𝑅𝑓)

𝑅𝑓 =
𝐴𝐸𝐶𝑆𝐴

𝐴𝐸𝐶𝑆𝐴,   𝑝𝑟𝑒−𝑠𝑢𝑙𝑓𝑖𝑑𝑎𝑡𝑒𝑑
  (𝐴𝑝. 9.9)

𝐶𝑑𝑙
𝜇𝐹 𝑐𝑚𝑔𝑒𝑜𝑚

−2

𝐶𝑑𝑙
𝜇𝐹 𝑐𝑚𝑔𝑒𝑜𝑚

−2

𝐶𝑑𝑙 𝑅𝑓



 

𝑣 (𝑀𝑜 −𝑀𝑜) 𝑣 (𝑀𝑜 − 𝑆) 𝐸2𝑔
1 𝐴1𝑔 𝑣 (𝑀𝑜3 − 𝜇𝑆) 𝑣 (𝑆 − 𝑆)𝑡 𝑣 (𝑆 − 𝑆)𝑡 𝑣 (𝑆 − 𝑆)𝑏𝑟 𝑣 (𝑀𝑜 = 𝑂)



 

𝑣 (𝑀𝑜 −𝑀𝑜) 𝑣 (𝑀𝑜 − 𝑆) 𝐸2𝑔
1 𝐴1𝑔 𝑣 (𝑀𝑜3 − 𝜇𝑆) 𝑣 (𝑆 − 𝑆)𝑡 𝑣 (𝑆 − 𝑆)𝑡 𝑣 (𝑆 − 𝑆)𝑏𝑟



 

𝑣 (𝑀𝑜 −𝑀𝑜) 𝑣 (𝑀𝑜 − 𝑆) 𝐸2𝑔
1 𝐴1𝑔 𝑣 (𝑀𝑜3 − 𝜇𝑆) 𝑣 (𝑆 − 𝑆)𝑡 𝑣 (𝑆 − 𝑆)𝑡 𝑣 (𝑆 − 𝑆)𝑏𝑟



 

𝑣 (𝑀𝑜 −𝑀𝑜) 𝑣 (𝑀𝑜 − 𝑆) 𝐸2𝑔
1 𝐴1𝑔 𝑣 (𝑀𝑜3 − 𝜇𝑆) 𝑣 (𝑆 − 𝑆)𝑡 𝑣 (𝑆 − 𝑆)𝑏𝑟



 

𝐴 𝑚𝑔𝑀
−1 𝑚𝑔𝑀 

𝑚𝐼𝑟

𝐴𝑔𝑒𝑜𝑚

𝜌𝐼𝑟 =  22.5622 𝑔 𝑐𝑚
−3

𝑚𝐼𝑟 (𝑔) = 𝐴𝑔𝑒𝑜𝑚 ∗ 1 × 10
−5 𝑐𝑚 ∗  22.5622 𝑔 𝑐𝑚−3 (𝐴𝑝. 11.1)

𝐴𝑔𝑒𝑜𝑚



 

𝑄𝐼𝑟,𝑝𝑜𝑙𝑦 = 179 𝜇𝐶 𝑐𝑚
−2

𝑄𝐻,𝑑𝑒𝑠 𝜈𝑠𝑐𝑎𝑛

𝐸𝐶𝑆𝐴 (𝑐𝑚2𝑔−1) =  
𝑄𝐻,𝑑𝑒𝑠 𝜈𝑠𝑐𝑎𝑛⁄

𝑄𝐼𝑟,𝑝𝑜𝑙𝑦 ∗𝑚𝐼𝑟
  (𝐴𝑝. 11.2)

𝑀𝑎𝑠𝑠 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝐴 𝑚𝑔𝐼𝑟
−1) =  

𝐸𝐶𝑆𝐴 ∗ 𝑗𝑔𝑒𝑜𝑚 (𝐴 𝑐𝑚𝑔𝑒𝑜𝑚
−2 )

1000
  (𝐴𝑝. 11.3)

𝐴 𝑐𝑚𝐼𝑟
−2



 

𝑅𝑓

𝑅𝑓 (𝑐𝑚𝐼𝑟
2  𝑐𝑚𝑔𝑒𝑜𝑚

−2 ) =
𝑄𝐻,𝑑𝑒𝑠 𝑄𝐼𝑟,𝑝𝑜𝑙𝑦⁄

𝐴𝑔𝑒𝑜𝑚
 (𝐴𝑝. 11.4)

𝑅𝑓

𝑗𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐(𝐴 𝑐𝑚𝐼𝑟
−2) =

𝑗𝑔𝑒𝑜𝑚 (𝐴 𝑐𝑚𝑔𝑒𝑜𝑚
−2 )

𝑅𝑓
 (𝐴𝑝. 11.5)



 

𝐸𝑂𝐸𝑅,𝑡0  𝐸𝑂𝐸𝑅,𝑡𝑓 Δ𝐸𝑂𝐸𝑅

𝐸𝑂𝐸𝑅,𝑡0 𝐸𝑂𝐸𝑅,𝑡𝑓 Δ𝐸𝑂𝐸𝑅



 

𝐸𝑂𝐸𝑅,𝑡0  𝐸𝑂𝐸𝑅,𝑡𝑓 Δ𝐸𝑂𝐸𝑅

𝐸𝑂𝐸𝑅,𝑡0 𝐸𝑂𝐸𝑅,𝑡𝑓 Δ𝐸𝑂𝐸𝑅



 

𝐸𝑂𝐸𝑅,𝑡0  𝐸𝑂𝐸𝑅,𝑡𝑓 Δ𝐸𝑂𝐸𝑅

𝐸𝑂𝐸𝑅,𝑡0 𝐸𝑂𝐸𝑅,𝑡𝑓 Δ𝐸𝑂𝐸𝑅
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