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SI 1 Materials and Methods

All analytical grade chemicals were purchased from Sigma-Aldrich (or as otherwise 

stated) and were used without further refinement. All solutions were prepared using 18 

MΩ.cm ultrapure Milli-Q water (MQ). All glassware was acid washed in 5% v/v HCl for at 

least one week before use. Stock solutions were kept in dark bottles and were refrigerated 

at 4 oC when not in use. All pH measurements were conducted using a Hanna HI9025 pH 

meter combined with a glass electrode and Ag/AgCl reference. Calibration of the pH 

electrode was undertaken using NIST buffer solutions (pH 7.01 and 10.01). Experiments 

were conducted in darkness with the reactor covered in foil for the duration of the reaction. 

A concentrated Fe(II) stock solution (5 mM) was prepared by dissolving ferrous 

ammonium sulfate hexahydrate ( ) in 10 mM HCl. Concentrated stock 4 4 2 2Fe(NH SO ) 6H O

solutions of 10 mM Fe(III) (using ferric chloride hexahydrate ( ) and 10 mM DA 3 2FeCl 6H O

were prepared weekly in 10 mM HCl. The working stock solutions of Fe(II), Fe(III) and DA 

were diluted from the concentrated stock solutions daily in 10 mM HCl solution. The acidity 

of both concentrated stock and working stock solutions was sufficient to avoid significant 

oxidation of Fe(II) and DA and precipitation of Fe(III) on the time scale of interest and yet 

low enough to minimize any pH change that might occur on addition of the stock to 

experimental solutions. A stock solution of 20 mM H2O2 prepared by dilution of a nominal 

30% w⁄w H2O2 solution was used for calibration of the H2O2 measurements. The nominal 

30% w⁄w solution was standardized by UV spectrophotometry at 240 nm. 1 Concentrated 

stock solutions of 80 mM ferrozine (FZ) and 20 mM desferrioxamine B (DFB) were prepared 

in MQ. A daily prepared mixture containing 50 mM FZ and 5 mM DFB was used for Fe(II) 

determination. Stock solutions of 60 mM N,N-diethyl-p-phenylenediamine (DPD) and 500 

KU/L horseradish peroxidase (HRP) were prepared in MQ water as described previously. 2 A 

10 mM stock solution of diethylenetriaminepentaacetic acid (DTPA) was prepared in 10 mM 

MOPS. A 50 mM NaIO4 stock solution was prepared monthly in MQ. A 1 mM DAC working 

solution was prepared by adding 1 mM DA and 2mM NaIO4 into buffer solutions containing 

20 mM HCl before each experiment. Stock solution of 20 mM 2,2′-bipyridyl was prepared in 

5 mM HCl. Ascorbate stock solution (200 mM) was prepared daily by dissolving L-ascorbic 

acid in 50 mM HCl. The FeIIIDFB complex used in this work was prepared by adding 0.5 mM 
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Fe(III) and 5 mM DFB into 10 mM HCl. Stock solutions of 1KU/ml tyrosinase was prepared in 

MQ water and stored in the freezer when not in use.

Measurement of DAC concentration

The concentration of DAC was quantified spectrophotometrically in a 10 cm cuvette 

by a Cary 60 spectrophotometer at 475 nm with baseline correction at 850 nm. 3, 4 

Calibration curves were developed at different DAC concentrations are shown in Fig. S1. 

Briefly, in order to accelerate the cyclization rate of DAQ in the DAC working solution and 

prevent the faster decay of DAC at high pH, different concentrations of the freshly prepared 

DAC working solution was added into the buffer solutions at pH 7.0. 
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Figure S1. Measured absorbance of DAC (panel A) and calibration curve for qualification of 

DAC measured at 475 nm with baseline corrected at 850 nm (panel B) in 0.1 M NaCl.

Figure S2. Measured absorbance of DA in 0.1 M NaCl

Measurement of H2O2 concentration

The H2O2 formed during the course of DA oxidation was quantified using the modified 

DPD method. 2, 5 1 mM DTPA was added to halt the continuous generation of H2O2 during 

the measurement. 5 Considering the rapid oxidation of Fe(II) at pH 8.0, the influence of Fe(II) 

on the measurement of H2O2 is negligible during the timescale of the experiments. The 

system was calibrated by adding standard H2O2 stock into the buffer solutions, along with a 

zero standard containing 60 µM DPD and 500 U/L HRP. 
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SI 2 Speciation analysis

Stability constants for Fe(II) and Fe(III) speciations

Table S1. Stability constants for Fe(II) and Fe(III) speciations at 25 ℃ and Ionic Strength (I) = 

0.

No. species LogK Reference

Fe(II) species

1  -9.51 Ref 6

2  -20.6 Ref 6

3  5.69 Ref 7

4  11.8 Ref 8

5  7.45 Ref 7

6  -4.03 Ref 7

7  0.3 Ref 7

8  2.42 Ref 7

9  9.12 Ref 9

10  14.56 Ref 9

Fe(III) species

11  -2.13 Ref 10

12  -6.13 Ref 10

13  -14.3 Ref 10

14  -22.2 Ref 10

15  1.28 Ref 10

16  1.16 Ref 10

17  4.27 Ref 10

18  6.11 Ref 10

19  19.6 Ref 10

20  21.42 Ref 11
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21  36.46 Ref 11

22  45.08 Ref 11

Aqueous species

23  14 Ref 12

24  10.3 Ref 12

25  16.7 Ref 12

26  9.24 Ref 6

27  1.99 Ref 6

28  1.27 Ref 7

29  10.1 Ref 7

30  1.06 Ref 7

31  1.03 Ref 13

32  -10.58 Ref 4

33  -12.07 Ref 4
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Distribution of main iron and DA species 



SI 7

Figure S3. Distribution of different species of Fe(III) (A, B and C) and Fe(II) (D and E) over the 

pH range 6.5 - 8.0 in solutions containing varying concentrations of DA with [Fe(III)]0 = 5 µM 

and [Fe(II)]0 = 5 µM. αi denotes the molar fraction of individual species.
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SI 3 Model justification

To assist the better understanding of the transformation of DA in the marine 

environment, a kinetic model was developed in this study by fitting to the experimental data 

at pH 8.0 over a range of conditions. All the rate constants used in the model fitting are 

summarized in Tables 1 - 3 in the main text. To better constrain the relatively complicated 

model developed in this study, several intermediates, including the formation of H2O2, DAC 

and DA bound iron, were measured. In general, an overall goodness of the model fitting to 

the experimental data indicates that the proposed mechanism should be reasonable. The 

relative importance of each reaction as well as the suitableness of the rate constant 

selected in this study is assessed by the sensitivity analysis. In specific, the more variation of 

the relative residuals to the change in the orders of magnitude in the rate constant, the 

more important the reaction is. The lowest point of the relative residual r generally 

represents the optimal value. 

As shown in Fig. S4A, in accordance with the discussion in the main text, the oxidation 

of DA and its oxidative metabolites, DAL and DHI, is a critical process during the 

transformation of DA for the considerable sensitivity of the relative residual r to the change 

in the rate constant. Compared with the oxidation of DA and DAL, the rate constant 

proposed for the oxidation of DHI may only be a lower limit value for relative insensitivity 

above the proposed rate constant. As shown in Fig. S4B, in comparison with other radical 

reactions, the reduction of DAQ by  is generally not important under oceanic condition 2O

since the relative residual r is not sensitive to the change in the rate constant over several 

orders of magnitude. The insensitivity of DAQ to  under this condition may also indirectly 2O

confirm the negligible existence of DAQ as a result of its rapid cyclization. In general, the 

disproportionation of  is important in the transformation of DA in the marine DA

environment as the relative residual r is sensitive to the change in the rate constant. The 

adopted rate constant for this reaction from previous work is reasonable since the value is 

consistent with the shift point obtained by the sensitivity analysis. As shown in Fig. S4C, 

compared with the rearrangement of DAC, the cyclization of DAQ and redox exchange 

between DAL and DAQ are generally not sensitive to the change in the rate constant. As 

such, the fitted rate constant for the cyclization process can only be treated as the lower 

limit values. The adopted rate constant for the redox exchange process 14 is generally 
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insensitive to values below the proposed one, which indicates that this value can only be an 

upper limit. The significant shift in the relative residual r to the change in rate constant 

indicates that the rearrangement of DAC is a critical process in the transformation of DA. 

The consistence of the proposed rate constant with the sensitive point indicates that the 

value proposed for this process is reasonable. Compared with the previous published 

rearrangement rate constant (3.3×10-4 ~ 10-3/s) at pH 7.4, 15 the fitted rate constant (2.4×10-

4/s) in this study is reasonable.

As shown in Fig. S4D, in general, the interactions between ferric iron and DA are 

important processes for the sensitivity of these processes to the change in rate constant 

over several orders of magnitude. However, the rate constant proposed for the direct 

chelation of Fe(III) and replacement of the coordinated water can only be treat as the upper 

limit value for the relative insensitivity below the these values. Compared with previous 

study, 5 a much larger rate constant was proposed for the Fe(III) chelation herein. 

Theoretically, this is reasonable since the complexation process of DA is considerably 

favoured in the presence of di-anion. The increase in the content of di-anion on the increase 

in pH will give rise to an enhanced formation of the mono-complex. To minimize the number 

of the fitting parameter, the rate constant for the formation of the bis- and tris-complex 

from FeIIIDA with another DA is assumed to be similar to the rate constant for water-loss 

from Fe(OH)(H2O)5
2+ of 4.50 × 105 M-1s-1.  16 In accordance with the argument in the main 

text, the smallest rate constant coupled with the clear shifting point of the iron mobilization 

process shown in Fig. S4D indicate this process should be one of the rate-limiting processes 

in the DA mediated iron transformation. As shown in Fig. S4E, while the dissociation of 

FeIIIDA3 is important for the sensitivity of the relative residual r to the change in the rate 

constant, the rate constant proposed for this reaction should only be the lower limit as a 

result of the insensitivity greater than this value. The convergence of the proposed value 

with the shift point of the ligand exchange process indicates that the value proposed herein 

should be reasonable. As shown in Fig. S4F, the internal electron transfer between ferric 

iron and DA is important for the considerable sensitivity of the relative residual r to the 

change in the rate constants. The apparent decrease in the rate constant on the increase in 

the coordinated DA number is reasonable since it is widely recognized that the reactivity of 

the complexes is generally reduced on the increase in the occupation of the coordinated 

sites. Compared with previous study, 5 an enhanced rate constant for the reductive 
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dissolution was proposed in this work, which may arise from the pH induced enhancement 

in the reducing ability.

As shown in Fig. S4G, the considerable sensitivity of the relative residual r to the 

change in the rate constant of the complexation of Fe(II) by DA indicates that DA is critical in 

the transformation of Fe(II). Compared with previous study, 5 a considerable greater rate 

constant was proposed for the marine condition, which is reasonable since the enhanced 

deprotonation of DA at oceanic condition favours the complexation process. The oxidation 

of the so-formed FeIIDA complex can be significantly influenced by the presence of O2,  2O

and  for the considerable sensitivity of the relative residual r to the change in the rate DA

constant (Fig. S4G). However, except for the fitted value for O2, the adopted rate constant 

from previous work at low pH range can only be treated as upper limit for the relative 

insensitivity of the relative residual below the rate constant used herein. 

In general,  is important both in the transformation of oxidant and reductant. As 2O

shown in Fig. S4H, the adopted values from previous work for the disproportionation of  2O

and  induced reduction of amorphous ferric oxyhydroxide (ferrihydrite, AFO) can only be 2O

treated as the upper limits for the relative insensitivity of the relative residual r below the 

rate constant used herein. In contrast, the oxidation of by  is an important sink for DA
2O

these two radicals for the great sensitivity of the relative residual, especially in view of H2O2 

generation. The convergence of the shift point with the adopted rate constant indicates that 

the previous proposed value is reasonable. 

To simplify the complicated model, despite being considered to be important at low 

pH range, several reactions is omitted under oceanic condition for the insensitivity to the 

change in the rate constant both shown in the sensitivity analysis and the Kintek Explorer 

program. As shown in Fig. S4I, the interaction between Fe(III) and Fe(II) with  as well as DA

FeIIDA and FeIIIDA with  is not sensitive to change around the previous proposed values. 2O

The underpinning reason for the insensitivity may arise from the generally low 

concentrations of the reactants. Specifically, under the marine condition, the ferric and 

ferrous iron mainly exist as the AFO or the organics bound iron with resultant the 

concentration of the free inorganic bound iron being rarely existed. As such, the interaction 
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between  with Fe(III) and Fe(II) should be not important. In view of , as discussed DA
2O

above, the interaction between  and  should be a major sink of . Therefore, the DA
2O

2O

significant oxidation of FeIIDA by O2 under marine condition coupled with relative non-

available of  should render the interaction between these two species less important. In 2O

a manner similar to the case of FeIIDA, the rapid formation of the bis- and tris-complexes 

coupled with relative non-available of  should render the interaction between FeIIIDA 2O

and  less important.2O
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Figure S4. Sensitivity analysis for the fitted rate constants of different reactions (Tables 1-3, 

main text).
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SI 4 Supplementary results

Spectrum of DA o-quinone (DAQ)

Figure S5. Measured absorbance of DAQ (panel A) and calibration curve for qualification of 

DAQ measured at 390 nm with baseline correction at 690 nm (panel B) in 0.1 M NaCl at pH 

8.0.

The calibration curves of DAQ were conducted by adding different DAC working 

solutions into buffer solutions at pH 1.5. The calculated molar absorptivity of DAQ in this 

study is close to the previous reported value (1,330 M-1cm-1). 17 The reason that DAC 

working solutions can be used in the calibration of DAQ is that, as a result of the extremely 
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acidic condition of the working solution, the substance actually present is DAQ. At pH 1.5, 

the cyclization of DAQ is negligible. In contrast, the instantaneous cyclization of DAQ at pH 

7.0 results in all the DAQ present in the solution being converted into DAC with this evident 

from the reasonable molar absorptivity derived from the calibration curves.
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Formation of melanin form the decay of DAC

Figure S6. Decay of 8 µM DAC at pH 8.0 in the presence of 0.1 M NaCl, 10 mM MOPS and 2 

mM NaHCO3.

As shown in Fig. S6, the decay of DAC is accompanied by the increase in the 

background of the spectrum overtime, which generally arises from the polymerization of the 

intermediates and the concomitant formation of melanin. 
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Predicted Concentration of DAQ 
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Figure. S7 Predicted concentrations of DAQ generated in air-saturated buffer solutions with 

fixed concentrations of DA and O2 (panel A), fixed concentrations of O2, DA and AFO (panel 

B) and fixed concentrations of DA and AFO (panel C).
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Formation of melanin in synthetic seawater

Figure S8. Spectrum of decay of pure DAC in synthetic seawater at pH 8.0.
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Effect of DA on the transformation of Fe(II)

Figure S9. Formation of FeIIIDA2 complex on addition of 5 µM Fe(II) into (○) 5 µM DA and (∆) 

10 µM DA at pH 8.0 in 0.1 M NaCl. Error bars are standard errors from triplicate 

measurements and solid lines represent the model fit.



SI 22

Effect of the oxidation of DHI on the generation of H2O2

Figure S10. Formation of H2O2 in 20 µM DA containing 0.1 M NaCl solutions in the presence 

of (○) 5 µM Fe(II) and (□) 5 µM Fe(III) at pH 8.0. The solid lines represent the model fitting 

involving the oxidation of DHI and the dashed lines represent the model prediction without 

the oxidation of DHI.
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Absorbance of DA bound Ca2+ and Mg2+

Figure S11. Formation of DA bound Ca2+ or Mg2+ in synthetic seawater containing 0.1 µM 

Fe(II), 20 µM DA and 1 mM DTPA.
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Effect of Tyrosinase on the oxidative transformation of DA

Figure S12. Effect of Tyrosinase on the oxidative transformation of DA in buffer solutions at 

pH 8.0.
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Transformation of FeIIIDA3 over time

Figure S13. Formation and transformation of FeIIIDA3 over time at pH 8.0 in 0.1 M NaCl. Error 

bars are standard errors from triplicate measurements and solid lines represent the model 

fit.
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SI 5 Equilibrium calculation for the Fe-DA complexes

Generally, all the forms of DA (including H2DA0, HDA- and DA2-) can form complexes 

with iron. The stability constants listed in Table S1 is the one between iron and DA2-. In the 

presence of H2DA0 or HDA-, the associated stability constant for the equilibrium would 

change accordingly for the participation of H+. An example is shown below for the 

calculation of stability constant between Fe(III) and H2DA0.

For the equilibrium between , the stability constant 3+ 0 + +
2Fe   H DA   FeDA   2H ƒ

K* can be written as follows:

Eq (S1)
+ + 2 + 2- + 2

*
1 23+ 0 3+ 2- 0

2 2

[FeDA ][H ] [FeDA ] [DA ][H ] =  =  =  
[Fe ][H DA ] [Fe ][DA ] [H DA ] a aK K K Kg g g

As such, LogK* can be calculated as -2.64 by using the stability constant listed in Table 

S1. The definition of stability constant is 

 Eq (S2)  kK
k






where k+ and k- are the associated formation and dissociation rate constant. 6 Thus, for a 

given formation rate constant, the corresponding dissociation rate constant can be 

calculated as k+/K. Even though H2DA0 is the dominant DA species over the pH range 

investigated in this study, increase in much more active HDA- as well as DA2- with increase in 

pH would definitely decrease the apparent dissociation rate constant.
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