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Abstract 39 

A wide range of organic ligands are found in the rhizosphere. Two 40 

important groups are low-molecular-weight organic acids (LMWOAs) 41 

and siderophores. Our understanding of the interaction between co-42 

existing LMWOAs and siderophores during micronutrient cycling in 43 

the rhizosphere is limited. Such gaps in our knowledge undermine 44 

biofortification efforts. In this study, we test the hypothesis that pH 45 

and ionic strength gradients make it possible for LMWOAs and 46 

siderophores to function synergistically during micronutrient cycling 47 

in the rhizosphere. For this research, we use citrate and 48 

desferrioxamine B as our representative LMWOA and siderophore, 49 

respectively, and the micronutrient under study is zinc(II). For the first 50 

time, we develop an accurate description of the ionic strength 51 

dependence of stability constants for a metal/LMWOA and a 52 

metal/siderophore system. We then use these ionic strength 53 

dependence models to compare the geochemical stability fields of 54 

zinc(II)-LMWOA and zinc(II)-siderophore complexes in NaCl. This 55 

allows us to predict the ligand interchange points (LIPs) for the 56 

exchange of zinc(II) between LMWOAs and siderophores. The 57 

predicted LIPs fall within the expected rhizosphere gradients. This 58 

supports the idea that pH and ionic strength gradients make it possible 59 

for LMWOAs and siderophores to function synergistically during 60 

micronutrient cycling in the rhizosphere. Finally, we calculate LIPs for 61 

the exchange of zinc(II) between our representative LMWOA and 62 

siderophore in model solutions based on the chemistry of rice-growing 63 

soils. The LIPs calculated in these model solutions fit with those 64 

predicted in NaCl.  65 
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1. Introduction 83 

There is a diverse range of organic ligands in the rhizosphere (Jones, 84 

1998). Organic ligands found in the rhizosphere can originate from 85 

plants, bacteria, or fungi but often function as allelochemicals; a ligand 86 

released by one organism may directly or indirectly influence the metal 87 

homeostasis of a neighbouring organism, be it of the same species or 88 

from a different taxonomic kingdom (Bais et al., 2006; Bertin et al., 89 

2003; Weston et al., 2012). Two important groups of organic ligand 90 

that are found in the rhizosphere are low-molecular-weight organic 91 

acids (LMWOAs) and siderophores. LMWOAs can be 92 

monocarboxylic, dicarboxylic, or tricarboxylic, and generally form 93 

weaker complexes with metal ions compared to siderophores. Citrate 94 

is a tricarboxylic LMWOA, which is released by many different soil-95 

dwelling organisms. Siderophores are typically hexadentate and bind 96 

to a central metal atom with an octahedral coordination (Butler and 97 

Theisen, 2010). Increased siderophore secretion is primarily linked to 98 

low iron supply (Ahmed and Holmström, 2014). Desferrioxamine B 99 

(DFOB) is a hydroxamic siderophore produced by the soil bacterium 100 

Streptomyces pilosus (Codd et al., 2018). A 3-step model for the 101 

complexation of metals by DFOB has previously been proposed, with 102 

each of its three hydroxamate groups coordinating to the metal ion in 103 

succession as pH increases (Schijf et al., 2015).  104 

 105 

Both LMWOAs and siderophores are associated with the cycling of a 106 

wide range of biologically important trace metals in the rhizosphere, 107 

including zinc (Gries et al., 1998; Marschner, 1988; Rose et al., 2013; 108 

Zhang et al., 1991). However, our understanding of the interaction 109 



between co-existing LMWOAs (weak) and siderophores (strong) 110 

ligands during micronutrient cycling in the rhizosphere is limited; a 111 

synergic effect between citrate and DFOB on the dissolution of Mn 112 

containing minerals has previously been evidenced in soils (Zhong et 113 

al., 2013). Such gaps in our understanding of micronutrient cycling 114 

undermine biofortification efforts, which are essential for eradicating 115 

hidden hunger and mitigating the potential food security consequences 116 

of climate change (Montanarella et al., 2016; Sharma et al., 2017; 117 

Wheeler and Braun, 2013). For example, the zinc status of crop plants 118 

is a major concern - it is estimated that 1.1 billion people worldwide 119 

are at risk of zinc deficiency due to inadequate dietary supplies 120 

(Kumssa et al., 2015). Zinc deficiency is particularly prevalent in south 121 

Asian populations where rice is a staple food (Akhtar et al., 2013). 122 

Both LMWOAs and siderophores have been implicated in zinc 123 

acquisition by rice plants (Arnold et al., 2010; Gao et al., 2009; 124 

Hoffland et al., 2006; Widodo et al., 2010).  125 

 126 

McRose et al. proposed one model for the interaction of weak and 127 

strong ligands released by bacteria during iron acquisition in natural 128 

solutions (McRose et al., 2018; Figure 1). This model is based upon 129 

mineral dissolution mechanism studies in the presence of both types 130 

of ligand (Cheah et al., 2003; Reichard et al., 2007). In the McRose et 131 

al. model, the weak ligand (X) adsorbs to the mineral surface and 132 

subsequently strips the metal away from the mineral, bringing it into 133 

solution. After the formation of a labile MX (where M = metal) 134 

complex at the mineral surface, it is proposed that a ligand exchange 135 

reaction takes place in which the metal is transferred to the strong 136 

ligand (Y) and the weak ligand is free to react with the mineral again. 137 



The model is very attractive, however, it leads to the question: what 138 

triggers the exchange of the metal ion between X and Y in solution? 139 

Physiochemical studies have demonstrated that pH and ionic strength 140 

exert a critical influence on metal-ligand interactions in solution (Cao 141 

et al., 2004; Cigala et al., 2012; Krężel and Maret, 2016). In previous 142 

work, we showed that  pH and ionic strength gradients in the root-soil 143 

interface zone are a potential controlling factor for the modus operandi 144 

of organic ligands in the soil environment (Northover et al., 2020). 145 

Hence, our theory is that pH and ionic strength gradients make it 146 

possible for LMWOAs and siderophores to function synergistically 147 

during micronutrient cycling in the rhizosphere. 148 

 149 

The pH of the rhizosphere can vary by more than 2 pH units < 10 mm 150 

from the root surface but tends to remain within pH 5.5 – 8.5 regardless 151 

of the mineralogical composition of the parent material (Bravin et al., 152 

2009; Gollany and Schumacher, 1993; Kirk, 1993). The ionic strength 153 

of soil solutions which are unaffected by salinity contamination is 154 

~0.005 M (Black and Campbell, 1982; Dolling and Ritchie, 1985; 155 

Edmeades et al., 1985). Due to sampling difficulties, it has not yet been 156 

possible to measure ionic strength gradients in the rhizosphere. 157 

Simulated rhizosphere solute concentration profiles, for soils with a 158 

variety of different properties, suggest that the concentration of root 159 

exudates increases between five- to 10-times < 2.5 mm from the root 160 

surface (Raynaud, 2010). Assuming that the ionic strength gradient 161 

parallels the solute concentration gradient (which holds if anion/cation 162 

pairs are predominantly singularly charged), rhizosphere ionic 163 

strength is expected to range between 0.005 – 0.05 M. The first step 164 

towards testing the hypothesis that pH and ionic strength gradients in 165 



the rhizosphere make it possible for LMWOAs and siderophores to 166 

function synergistically during micronutrient cycling in the 167 

rhizosphere involves using equilibrium (geochemical) speciation 168 

modelling tools to compare the pH and ionic strength stability fields 169 

for metal-LMWOA and metal-siderophore complexes in a simple 170 

aqueous solution. Metal complexation to inorganic and organic ligands 171 

in solution is relatively fast, therefore, kinetics are not relevant (Di 172 

Bonito et al., 2018). If the pH and/or ionic strength at which metal-173 

siderophore complexes become more stable than metal-LMWOA 174 

complexes (or vice versa) falls within the boundaries of the respective 175 

gradients expected in the rhizosphere, this would provide an initial 176 

piece of supporting evidence for the hypothesis as it would imply that 177 

the two types of metal-ligand complex dominate in different parts of 178 

the rhizosphere.  179 

 180 

Geochemical speciation modelling relies only on knowing the 181 

concentrations of elements in the study, the species that could form 182 

(the equilibrium model), and the stability constants for the associated 183 

complexation reactions. Stability constants calculated at standard state 184 

(i.e., 298.15 K, 1 atm, infinite dilution), where concentrations are equal 185 

to activities, are known as intrinsic stability constants (log β0). 186 

Stability constants measured at any other conditions are conditional 187 

(log β), their value depends on the chemical and physical conditions 188 

(ionic strength, temperature, and pressure) under which they were 189 

measured (Cigala et al., 2015a, 2013). To delineate the ionic strength 190 

stability field for metal-LMWOA and metal-siderophore complexes, 191 

we need to know stability constants at many different ionic strengths 192 

within an environmentally relevant sampling range (i.e., 0 – 1 M) in 193 



the same electrolyte. However, to our knowledge, no study reports 194 

either metal-LMWOA or metal-siderophore stability constants at more 195 

than two ionic strengths in the same electrolyte. Although it would be 196 

possible to create a dataset by bringing together stability constants 197 

measured in different studies, ionic strength-driven changes in log β 198 

can be small compared to laboratory error and so it is not advisable to 199 

combine data from independent studies. Filling in missing data points 200 

by adjusting experimental stability constants using calculated activity 201 

coefficients (indirect method) also has several limitations (Northover 202 

et al., 2020). The gold standard for studying the ionic strength 203 

dependence of stability constants is to use a direct method i.e., without 204 

calculating activity coefficients. Direct methods are highly accurate 205 

and easy to apply. They involve measuring stability constants at a 206 

limited number of points within the ionic strength range of interest and 207 

then fitting a modified version of the Extended Debye-Hückel 208 

equation (Equation 1) or specific ion interaction theory to the 209 

experimental data series (Bretti et al., 2006, 2004; Cigala et al., 2012). 210 

          log β0 = log β − 0.51z∗ √I

1+1.5√I
+ 𝑓(𝐼)   211 

 (1) 212 

where z is the charge of the ion, z∗ =  Σ(zreact
2 ) − Σ(zprod

2 ), I is ionic 213 

strength (M), and 𝑓(𝐼) is a linear function of ionic strength that can be 214 

formulated in different ways. The simplest expression for this term is 215 

𝑓(𝐼) = 𝐶𝐼, where 𝐶 is the only adjustable parameter. Usually, this 216 

simple choice is sufficient to explain the experimental data trend in a 217 

wide ionic strength range, generally < 1.0 M.  218 

 219 



The aim of this study is to test the hypothesis that pH and ionic strength 220 

gradients make it possible for LMWOAs and siderophores to function 221 

synergistically during micronutrient cycling in the rhizosphere. For 222 

this research, we use citrate and DFOB as our representative LMWOA 223 

and siderophore, respectively, and the micronutrient under study is 224 

zinc(II).  225 

(i) To begin, we study the ionic strength dependence of 226 

zinc(II)-citrate and zinc(II)-DFOB stability constants 227 

using a direct approach. We measure log β values at 228 

multiple ionic strengths in NaCl and then fit a 229 

modified version of the Extended Debye-Hückel 230 

equation to the data. This is the first time an accurate 231 

description of the ionic strength dependence of 232 

stability constants has been developed for either a 233 

metal/LMWOA or a metal/siderophore system and is 234 

a pre-requisite for the subsequent stages of the 235 

investigation.  236 

(ii) We then model the speciation of our representative 237 

zinc(II)/LMWOA and zinc(II)/siderophore systems at 238 

standard [Zn] and [L] (where L = ligand) conditions 239 

as a function of pH and ionic strength in NaCl. This 240 

allows us to predict the pH and ionic strength ligand 241 

interchange points (LIPs) for the exchange of zinc(II) 242 

between LMWOAs and siderophores. Comparing the 243 

predicted LIPs to the geochemical gradients expected 244 

in the rhizosphere enables a preliminary test of our 245 

hypothesis. We draw comparisons between the pH 246 

complexation curves for the zinc(II)/citrate and 247 



zinc(II)/DFOB systems with other zinc(II)/LMWOA 248 

and zinc(II)/siderophore systems reported in the 249 

literature to justify the use of these two ligands as 250 

representatives for their respective groups. 251 

(iii) Finally, we calculate the LIPs for the exchange of 252 

zinc(II) between our representative LMWOA and 253 

siderophore in model solutions based on the chemistry 254 

of rice-growing soils. The question we want to answer 255 

is: does the position of the LIPs change in real soil 256 

solutions? If so, what controls this?  257 

 258 

 259 

 260 

 261 

 262 

 263 

 264 

 265 

 266 

 267 

 268 

 269 

 270 

 271 

 272 

 273 

 274 

 275 



2. Materials and methods 276 

 277 

2.1. Chemicals 278 

Zinc(II) solutions were prepared by dissolving the corresponding mass 279 

of ZnCl2 (99%, anhydrous, VWR) in water; the concentration was 280 

determined by complexometric titration against 281 

ethylenediaminetetraacetic acid (EDTA) standard solutions (Fisher 282 

Scientific). Standard hydrochloric acid (HCl) solutions were prepared 283 

from concentrated HCl (Sigma-Aldrich-Honeywell) and standardized 284 

with tris(hydroxymethyl)aminomethane (THAM) (Roche 285 

Diagnostics). CO2-free sodium hydroxide (NaOH) standard solutions 286 

were supplied by Fisher Scientific and were preserved from 287 

atmospheric CO2 by means of soda lime traps. Electrolyte solutions of 288 

sodium chloride (NaCl) were prepared from the pure salt (VWR). 289 

Citric acid monohydrate (VWR) and desferrioxamine mesylate salt 290 

(Sigma-Aldrich) powders were used to prepare ligand solutions. 291 

Ultrapure water (R = 18 MΩ cm-1), grade A glassware, and analytical 292 

grade reagents were used throughout.  293 

 294 

2.2. Determination of stability constants 295 

2.2.1 Potentiometric titrations 296 

Potentiometric measurements were carried out at T = 298.1 ± 0.1 K in 297 

thermostated cells. The setup consisted of a Metrohm model 888 298 

Titrando apparatus controlled by Metrohm TiAMO 1.2 software 299 

equipped with a combined gel electrode (VWR model 662 1759). 300 

Estimated precision was 0.2 mV and 0.003 mL for the electromotive 301 

force and titrant volume readings, respectively. All the potentiometric 302 



titrations were carried out under magnetic stirring and bubbling 303 

purified presaturated N2 through the solution to exclude O2 and CO2. 304 

 305 

Before studying the zinc(II)/ligand systems, the acidity constants of 306 

the ligand (pKa) were determined at different ionic strengths (0.05 ≤ 307 

M ≤ 1.00) in NaCl solutions. A 30 mL solution containing each ligand 308 

([L] = 5 mM), NaCl and HCl was titrated with standard NaOH 309 

solutions. For the zinc(II)/ligand systems, the titrant solutions 310 

consisted of different concentrations of ligand ([L] = 1 to 5 mM), 311 

zinc(II) ([Zn]  = 0.5 to 1.5 mM), a suitable amount of HCl and NaCl. 312 

All the measurements were carried out with an excess of the ligand, 313 

with respect to the concentration of the zinc(II) and in different zinc: 314 

ligand molar ratios (0.9:1 and 1:2). Zinc(II) and ligand concentrations 315 

were negligible compared to the background electrolyte. Calculations 316 

showed that ionic strength remained within 10% (v/v) of the targeted 317 

value throughout all titrations. 318 

 319 

For each experiment, independent titrations of strong acid solutions 320 

with standard base were carried out under the same medium and ionic 321 

strength as the systems to be investigated, with the aim of determining 322 

the electrode potential (E0) using GLEE software (Gans and 323 

O’Sullivan, 2000). In this way, the pH scale used was the total scale, 324 

pH = -log [H+], where [H+] is the free proton concentration. For each 325 

titration, approximately 80 to 100 data points were collected, and the 326 

equilibrium state during titrations was checked by confirming the time 327 

required to reach equilibrium. 328 

 329 



2.2.2 Calculating stability constants from titration data 330 

Hyperquad was used to determine the equilibrium model and to 331 

calculate acidity and stability constants from the potentiometric data 332 

set (Gans et al., 1996).  For each set of ligand acidity constants or 333 

zinc(II): ligand ratio, at least two different titrations were performed. 334 

The titration curves for each system were treated as a single set when 335 

refining stability constants. This meant that the refinement procedure 336 

was run on both curves at the same time to derive a single set of 337 

constants. The error reported on the stability constants is the standard 338 

deviation given in the Hyperquad output file.  339 

 340 

In Hyperquad, stability constants are defined as overall association 341 

constants (β). For a polyprotic acid (H3L) with three acidic sites, the β 342 

constants are defined as: 343 

 344 

Stepwise stability constants (K) are obtained from overall constants 345 

using the rule:  346 

 347 

 348 

In this study, the ionic strength dependence of the formation constants 349 

was studied with the extended Debye–Hückel type model (Bretti et al., 350 

2006). The Monte Carlo method, as described by Hu et al., was used 351 

to estimate 95% confidence intervals on the parameters of ionic 352 

β1 H+  +  L-3 ⇌  HL-2                                          (2a) 

 

β2 2H++ L-3    ⇌   H2L
-1                                         (2b) 

 

β3 3H+ +  L-3  ⇌   H3L
                                             (2c) 

β2 = K1K2                                                                            (3) 



strength dependence; for each species, predicted stability constants 353 

were resampled using an inverse of the cumulative normal distribution 354 

function to give sets of simulated data from which the unknown 355 

parameters were optimized (W. Hu et al., 2015).  Examples of manual 356 

fitting plots from Hyperquad are included in the supporting 357 

information (Figure S1 and S2). In addition to the supporting 358 

information provided in this publication, example hyperquad files (for 359 

both the zinc(II)/citrate and zinc(II)/DFOB systems) and example 360 

Excel calculation files for the application of the Modified Debye-361 

Huckel equation to the zinc(II)/DFOB system (including the 362 

calculation of error on parameters of ionic strength dependence) have 363 

been uploaded to the Zenodo repository (DOI: 364 

10.5281/zenodo.4548162). In 3.1., the Davies equation (Equation 4) is 365 

applied to the zinc(II)/citrate data to facilitate a comparison between 366 

direct and indirect methods of studying ionic strength dependence. The 367 

Excel calculation file associated with this task is also available on the 368 

Zenodo repository (DOI: 10.5281/zenodo.4548162).   369 

  − log γ𝑖 = −Az𝑖
2  {

√I

1 + √I
− 0.3I}                            (4) 370 

where A is a dielectric constant of the solvent, z is the charge of the 371 

ion, and I is ionic strength (M). 372 

  373 

2.3. Speciation modelling  374 

Speciation calculations in 3.1. and 3.2. were conducted with the aid of the 375 

Hyperquad Simulation and Speciation computer software (HySS) utilizing 376 

stability constants and the ionic strength dependence relationships 377 

determined in the preceding phase of the study (Alderighi et al., 1999). For 378 



all speciation calculations, [Zn] = 10-6 M and [L] = 10-5 M. These [Zn] 379 

and [L] conditions are the standard concentrations adopted by 380 

bioinorganic chemists studying the effectiveness of ligands (Harris et 381 

al., 1981).  The error on speciation plots in 3.1. was determined by re-382 

running the analysis, starting with the high/low estimates for the 383 

experimental stability constants. The error on speciation calculations 384 

in 3.2. was investigated by re-running the analysis using the high/low 385 

estimates for the parameters of ionic strength dependence. The error 386 

on the speciation calculations in 3.2. is not reported in the associated 387 

tables and figures as it was extremely small and had no significance 388 

for the interpretations of the results; pH and ionic strength LIPs shifted 389 

by < 0.01 pH units and < 0.001 M, respectively.  390 

 391 

Speciation calculations in 3.3. were produced with the aid of Visual 392 

MINTEQ and the NICA-Donnan model (Gustafsson, 2013; Milne et 393 

al., 2003). The NICA-Donnan model is a combination of the non-ideal 394 

competitive adsorption isotherm (NICA), which describes the binding 395 

of heterogeneous material, and a Donnan electrostatic sub-model, 396 

which describe the electrostatic interactions between ions and humic 397 

material (Milne et al., 2003). Two model solutions, Solution A and 398 

Solution B, were created based on the chemistry of rice-growing soils 399 

in south-western Bangladesh; since rice is cultivated in flooded soils 400 

and groundwater is used for irrigation, the composition of soil 401 

solutions was assumed to be closely related to that of the groundwater 402 

(Ahmed et al., 2020; Ayers et al., 2016; Bahar and Reza, 2010; Hug et 403 

al., 2008). Rice-growing soils were selected for study because of the 404 

importance of zinc biofortication of rice (high prevalence of zinc 405 

deficiency of South Asian populations for whom rice is a staple food) 406 



and the proposed role for both LMWOAs and siderophores during zinc 407 

cycling in the rhizosphere of rice plants. The concentration of 408 

dissolved organic matter used in the solutions was 3.3 mM. The 409 

concentration of fulvic acids containing carboxylic and phenolic 410 

groups were 0.38 and 0.12 mM, respectively. The concentration of 411 

zinc(II) was set at 0.08 mM , this is a high estimate for zinc(II) 412 

concentration and reflects the widespread use of fertilizers in crop 413 

production in Bangladesh (Bhowmick et al., 2014; Siddique and 414 

Abdullah, 2015). The two solutions were differentiated by the 415 

concentration of bicarbonate ions; Solution A = 2 mM and Solution B 416 

= 8 mM. Different sets of LMWOA (citrate) and siderophore (DFOB) 417 

concentrations were analysed in each of the solutions. The LMWOA 418 

and siderophore concentrations tested ranged between 1 – 50 µM and 419 

0.1 – 1 µM, respectively (Jones et al., 2003; Powell et al., 1980; 420 

Ptashnyk et al., 2011). Stability constants for aqueous inorganic 421 

species (zinc-chloride, zinc-carbonate, zinc-hydroxide, etc.) were 422 

taken from the default database in Visual MINTEQ, this database is 423 

primarily based on the National Institute of Standards and Technology 424 

(NIST) compilation (Smith et al., 2004). The stability constants 425 

determined in this study for citrate and DFOB species were added to/or 426 

amended in the database. The stability constants stored in the database 427 

for citrate and DFOB species were adjusted when running the model 428 

at each new ionic strength so that the inbuilt Davies function used in 429 

Visual MINTEQ would set log β at the desired value (i.e., the 430 

conditional value predicted by the appropriate modified Debye-Huckel 431 

model from this study). pH and ionic strength were both fixed in 432 

Visual MINTEQ, rather than calculated. LIPs were calculated by 433 

determining the pH or ionic strength condition at which the 434 



concentration of zinc(II)-siderophore and zinc(II)-citrate complexes 435 

were equal. Visual MINTEQ template files for the solutions – not 436 

including the LMWOA and siderophore components - are available on 437 

the Zenodo repository (DOI: 10.5281/zenodo.4548162).  438 

 439 

 440 

 441 

 442 

 443 

 444 

 445 

 446 

 447 

 448 

 449 

 450 

 451 

 452 

 453 

 454 

 455 

 456 

 457 

 458 

 459 

 460 

 461 

 462 



3. Results and discussion 463 

 464 

3.1. Determination of equilibrium models, stability 465 

constants, and parameters (𝐥𝐨𝐠 𝛃𝟎, 𝑪) of ionic strength 466 

dependence 467 

Values of acidity constants for citrate and DFOB at different ionic 468 

strength in NaCl and T = 298.1 K are reported in Table 1 with the 469 

parameters of ionic strength dependence. Experimental and modelled 470 

zinc(II)-ligand stability constants are presented in Figure 2 with 471 

literature data. Comprehensive results for the zinc(II)/ligand systems, 472 

including stability constants for hydrolysed zinc(II)-ligand species are 473 

reported in Table S1.  474 

 475 

The errors reported on the measured acidity/stability constants and log 476 

β0 are too small to have a measurable effect on subsequent speciation 477 

calculations. The error reported on 𝐶 is larger than in similar studies 478 

(Cigala et al., 2012). A sensitivity analysis on the three zinc(II)-ligand 479 

species with the largest relative error on 𝐶, finds that where log β0 is 480 

recalculated for the maximum/minimum possible 𝐶 values, log 481 

β0 remains within its error range. Hence, the error on 𝐶 does not affect 482 

the accuracy of log β0. 483 

 484 

The stability constants reported in the literature for the zinc(II)/citrate 485 

system are inconsistent (Capone et al., 1986; Cigala et al., 2015b; 486 

Daniele et al., 1988; Field et al., 1975; Li et al., 1959; Matsushima, 487 

1963). For example, the stability constant reported for [ZnCit]- in 0.1 488 

M KNO3 varies by 1.36 log units (Capone et al., 1986; Field et al., 489 



1975). The stability constant we report for [ZnCit]- in 0.15 M NaCl 490 

shows good agreement with that reported by Cigala et al. in 0.15 M 491 

NaCl; 4.66 vs. 4.71 (Cigala et al., 2015a). The equilibrium model that 492 

gave the best statistical fit and chemically sensible values included one 493 

zinc(II)-citrate species which has not previously been identified, 494 

namely; [Zn(OH)3Cit]4-, which exists  only above pH 9. However, it 495 

did not include [ZnCit2]4-
, a species that has been identified in previous 496 

studies (Cigala et al., 2015b). We could detect the formation of 497 

[ZnCit2]4- but could not refine the stepwise stability constant (K) for 498 

the complex to within +/- 0.09 log units. Indicating that it is an unstable 499 

species that forms at negligible concentrations under the conditions 500 

examined. The stability constants for citrate complexation with 501 

zinc(II) decrease with increasing ionic strength. The most significant 502 

change is seen between 0.05 – 0.15 M NaCl, where there is 503 

approximately a 0.5 – 1.5 log unit change in the stability constants. In 504 

dilute solutions stability constants are sensitive to small increases in 505 

ionic strength because changes in the effective concentration (activity) 506 

of ions are large.  507 

 508 

For the zinc(II)/DFOB system, the stability constants measured in this 509 

study are in good agreement with those reported in the literature 510 

(Farkas et al., 1997; Hernlem et al., 1996; Schijf et al., 2015). For 511 

example, the stability constant we report for [ZnHDFOB] at 0.5 M 512 

NaCl is 19.34. This is within ~0.5 log units of the stability constant 513 

reported by Schijf et al. 0.7 M in NaClO4 (Schijf et al., 2015).  The 514 

speciation scheme we report differs slightly from that predicted based 515 

on the three-step model. Our equilibrium model does not include the 516 

bidentate species ([ZnH3DFOB]2+), the weakest and least stable 517 



zinc(II)-DFOB species we might expect to find. Instead in Table S1 518 

we report stability constants for two hexadentate species ([ZnDFOB]- 519 

and [ZnHDFOB]) and one tetradentate species ([Zn H2DFOB]+). We 520 

observe that as the denticity of the complex increases, so does the 521 

strength of the stability constant. The stepwise stability constant (K) 522 

differs by approximately 2 log units between the bidentate and 523 

hexadentate species. Two hexadentate species exist because at low pH 524 

the terminal amine group which does not participate in the binding is 525 

protonated. DFOB complexation of zinc(II) shows the same pattern of 526 

ionic strength dependence as citrate, with the greatest decrease in the 527 

constants occurring between 0.05 – 0.15 M NaCl. The absolute 528 

decrease in [ZnL] and [ZnHL] stability constants between 0.05 - 0.15 529 

M is approximately equal for citrate and DFOB species (average 1.58 530 

vs. 1.73). This makes sense given that the effect of ionic strength 531 

primarily depends on the charge of the ions involved and free citrate 532 

and DFOB have the same electrostatic charge (-3). The ionic strength 533 

dependence parameter 𝐶 shows no systematic change for either citrate 534 

or DFOB species.  535 

 536 

In Figure 3a intrinsic stability constants for the formation of [ZnCit]- 537 

and [ZnHCit] species determined at different ionic strengths using the 538 

Davies equation are compared to the intrinsic stability constants for 539 

the same two species determined by fitting the modified version of the 540 

Extended Debye-Hückel equation to the full ionic strength dataset. 541 

Intrinsic stability constants for the full zinc(II)/citrate system 542 

calculated using the Davies equation are reported in Table S2. Figure 543 

3b shows the fraction of complexed zinc(II) in a zinc(II)/citrate system 544 



modelled at infinite dilution using intrinsic stability constants 545 

determined (i) directly, by fitting the modified version of the Extended 546 

Debye-Hückel equation to the full citrate (pKa and zinc(II)-citrate) 547 

stability constant dataset (ii-vi) indirectly, using the Davies equation 548 

to calculate activity coefficients and adjust the citrate (pKa and 549 

zinc(II)-citrate) stability constants separately at 0.05, 0.15, 0.30, 0.50, 550 

and 1.00 M. At pH 5.5, the 0.05 M Davies-based intrinsic speciation 551 

model overpredicts the fraction of complexed zinc(II) by 552 

approximately 20% compared to the Extended Debye-Hückel-based 553 

intrinsic speciation model. At the same pH value, the 0.15, 0.3, 0.5, 554 

and 1 M Davies-based intrinsic speciation models underpredict the 555 

fraction of complexed zinc(II) by 18, 21, 20, and 38%, respectively, 556 

compared to the Extended Debye-Hückel-based intrinsic speciation 557 

model. Firstly, this exercise clearly demonstrates the inconsistencies 558 

in speciation calculations that can arise when the same geochemical 559 

model is run using different sets of stability constants derived by 560 

applying the same indirect method (Davies equation) to different sets 561 

of ionic strength data; even when the different sets of ionic strength 562 

data are within the activity model’s supposed ionic strength range of 563 

applicability (for Davies equation < 0.5 M i.e., 0.05, 0.15, and 0.3 M) 564 

and from the same study. Secondly, this exercise quantifies the 565 

improvement in the accuracy of geochemical speciation calculations 566 

that can be achieved by adopting a direct method for studying the ionic 567 

strength dependence of stability constants, rather than using an indirect 568 

method, as is the common practise.  569 

 570 



In this section, for the first time, we have developed an accurate 571 

description of the ionic strength dependence of stability constants for 572 

a metal/LMWOA and a metal/siderophore system.  We have 573 

quantified the benefits of the direct approach for studying the ionic 574 

strength dependence of stability constants; when the zinc(II)/citrate 575 

system is modelled at infinite dilution using high precision intrinsic 576 

stability constants determined using a direct approach, the accuracy 577 

of geochemical speciation calculations improves by at least 18% at 578 

pH 5.5 compared to when the Davies equation is used instead to 579 

calculate intrinsic stability constants..  580 

 581 

3.2. Identification of LIPs for the exchange of zinc(II) 582 

between LMWOAs and siderophores in NaCl solutions 583 

The ionic strength dependence models described above were 584 

subsequently applied to investigate the geochemical stability field of 585 

the metal/ligand systems of interest. Figure 4 shows the fraction of 586 

complexed zinc(II) in our representative zinc(II)/LMWOA (citrate) 587 

and zinc(II)/siderophore (DFOB) systems as a function of (a) pH and 588 

(b) ionic strength in NaCl solutions. The raw data for these plots are 589 

supplied in the supporting information (Table S3-S4).  590 

 591 

3.2.1. pH stability field of zinc(II)-LMWOA and zinc(II)-siderophore 592 
complexes 593 
For both the zinc(II)/LMWOA and zinc(II)/siderophore systems, the 594 

fraction of complexed zinc(II) increases with pH. For all ionic 595 

strengths examined, zinc(II)-LMWOA complexes begin forming at 596 

approximately pH 3. Once the LMWOA begins binding to zinc(II), it 597 



takes between 6 - 7 pH units to reach total zinc(II) complexation in the 598 

zinc(II)/LMWOA system. The fraction of zinc(II) complexed by the 599 

LMWOA increases fastest with pH in the lowest ionic strength 600 

solution. At pH 6 in the 0.01 M solution, the fraction of zinc(II) 601 

complexed by the LMWOA is 0.81. This is compared to just 0.07 at 602 

the same pH in the 1 M solution. The formation of zinc(II)-LMWOA 603 

complexes does not increase continuously with pH, there is a 2 – 3 pH 604 

unit plateau in the pH complexation curves for the zinc(II)/LMWOA 605 

system. Speciation diagrams for zinc(II)/malate and zinc(II)/tartrate 606 

systems available in the literature show a similar trend to the 607 

zinc(II)/LMWOA pH complexation curves in this study; significant 608 

formation of zinc(II)-malate/tartrate complexes (> 10% fraction of 609 

total zinc) occurs at around pH 2 - 3 and there is then a plateau/only a 610 

small increase in the formation of zinc(II)-malate/tartrate complexes 611 

between pH 5 – 7 (Cigala et al., 2015a). The similarities in the pH 612 

complexation curves for the different LMWOAs endorses the use of 613 

citrate as a general LMWOA representative in this study. In the 614 

zinc(II)/siderophore system, ionic strength has a negligible effect on 615 

the pH complexation curves. In all solutions, complexation of zinc(II) 616 

begins at pH 5.5 and total zinc(II) complexation is reached within 3 617 

pH units; no free zinc(II) remains in the zinc(II)/siderophore systems 618 

above pH 8. The pH complexation curves for the zinc(II)/siderophore 619 

system are sigmoidal and do not contain a plateau. Speciation 620 

diagrams for the zinc(II)/deoxymugineic acid (DMA) system show a 621 

similar pattern to the zinc(II)/siderophore pH complexation curves in 622 

this study; DMA is a plant-produced siderophore (Weiss et al., 2021). 623 

Significant concentrations of zinc-DMA complexes begin forming at 624 

around pH 5 and total complexation of zinc(II) is completed within 1.5 625 



pH units. The similarities in the pH complexation curves between the 626 

two zinc(II)/siderophore systems endorses the use of DFOB as a 627 

general siderophore representative in this study. 628 

 629 

The pH at which zinc(II)-siderophore complexes become more stable 630 

than zinc(II)-LMWOA complexes (i.e., the fraction of complexed 631 

zinc(II) in the zinc(II)/siderophore system becomes greater than the 632 

fraction of complexed zinc(II) in the zinc(II)/LMWOA system), 633 

depends on ionic strength. As ionic strength increases the pH LIP 634 

becomes more acidic. In the 0.01, 0.1, and 1 M solutions, the pH LIP 635 

is at pH 7.5, 7.1, and 6.5, respectively. This suggests that the 636 

thermodynamic favourability of the reaction for the exchange of 637 

zinc(II) between LMWOAs and siderophores increases with ionic 638 

strength. Assuming there are two solutions buffered at the same pH, 639 

which contain identical concentrations of zinc(II) and LMWOA, if an 640 

equal amount of siderophore was added to each solution and they are 641 

allowed to reach equilibrium, based on our modelling analysis we 642 

would predict that the solution which has the higher ionic strength 643 

would contain greater concentrations of zinc(II)-siderophore 644 

complexes. The thermodynamic effect of ionic strength on ligand 645 

exchange between LMWOAs and siderophores we infer conflicts with 646 

the kinetic effect of ionic strength on the ligand exchange rate between 647 

citrate and DFOB previously observed. There is evidence that the 648 

ligand exchange rate between citrate and DFOB increases at lower 649 

ionic strengths (Ito et al., 2015).  650 

 651 



For all ionic strengths tested, the predicted pH LIPs (pH 6.5 - 7.5) fall 652 

within the pH gradients expected in a typical rhizosphere (2 pH units 653 

between pH 5.5 – 8.5). This supports the idea that pH gradients make 654 

it possible for zinc(II)-LMWOA and zinc(II)-siderophore complexes 655 

to dominate in different parts of the rhizosphere and, therefore, for the 656 

ligands to function synergistically. 657 

 658 

3.2.2. Ionic strength stability field for zinc(II)-LMWOA and zinc(II)-659 
siderophore complexes 660 
As ionic strength increases, the stability of zinc(II)-LMWOA 661 

complexes decreases. Between 0 - 1 M, the fraction of zinc(II) 662 

complexed by LMWOA decreases by 0.05, 0.84, and 0.89 at pH 4, 6, 663 

and 8, respectively; in all instances this represents a relative reduction 664 

in ligand binding efficiency of approximately 92%. The zinc(II)-665 

LMWOA ionic strength complexation curves initially descend 666 

sharply, two-thirds of the reduction in binding efficiency occurs before 667 

0.2 M. For zinc(II)-siderophore complexes, ionic strength only has an 668 

effect on stability at pH 6. At pH 4, no zinc(II)-siderophore complexes 669 

are stable and at pH 8 zinc(II) is fully complexed by the siderophore 670 

at all ionic strengths. At pH 6, between 0 - 1 M, the decrease in fraction 671 

of complexed zinc(II) is 0.09 in the zinc(II)/siderophore system. This 672 

represents a relative reduction in ligand binding efficiency of 45%. 673 

Hence, the effect of ionic strength is more important for the stability 674 

of zinc(II)-LMWOA complexes than the stability of zinc(II)-675 

siderophore complexes; it is larger (relative reduction in ligand 676 

binding efficiency 92% vs. 45%) and it is relevant over a wider pH 677 

range.  678 

 679 



The ionic strength LIP at pH 6 is approximately 0.7 M. At pH 4, the 680 

LMWOA remains dominant over the siderophore up to 1 M and at pH 681 

8, the siderophore is already dominant over the LMWOA at 0 M. This 682 

suggests that the ionic strength LIP occurs at a lower ionic strength as 683 

pH increases and consequently that the thermodynamic favourability 684 

of the reaction for the exchange of zinc(II) between LMWOAs and 685 

siderophores increases with pH. Assuming there are two solutions at 686 

the same ionic strength, which contain identical concentrations of 687 

zinc(II) and LMWOA, if an equal amount of siderophore was added 688 

to each solution and they are allowed to reach equilibrium, based on 689 

our modelling analysis we would predict that the solution which has 690 

the higher pH would contain greater concentrations of zinc(II)-691 

siderophore complexes. The thermodynamic effect of pH on ligand 692 

exchange between LMWOAs and siderophores we infer conflicts with 693 

the kinetic effect of pH on the ligand exchange rate between two 694 

siderophores previously observed. There is evidence that the ligand 695 

exchange rate between siderophores can be increased by acidification 696 

of the medium (Tufano and Raymond, 1981). 697 

 698 

Between pH 6 – 8, the predicted ionic strength LIP is < 0.7 M. 699 

Additional calculations reveal that between pH 7 - 7.5, the predicted 700 

ionic strength LIP ranges from 0.01 – 0.1 M, this overlaps with the 701 

estimated ionic strength gradient for a typical rhizosphere (0.005 – 702 

0.05 M). Hence, our calculations suggest that when the pH of the 703 

rhizosphere is circumneutral, ionic strength gradients make it possible 704 

for zinc(II)-LMWOA and zinc(II)-siderophore complexes to dominate 705 

in different parts of the rhizosphere and, therefore, for the ligands to 706 

function synergistically. 707 



 708 

In summary, this preliminary test of our hypothesis – comparing pH 709 

and ionic strength stability fields for zinc(II)-LMWOA and zinc(II)-710 

siderophore complexes in a simple aqueous solution using standard 711 

concentrations for [Zn] and [L] – supports the idea that pH and ionic 712 

strength gradients make it possible for  LMWOAs and siderophores to 713 

function synergistically during micronutrient cycling in the 714 

rhizosphere. In the next section, we calculate the LIPs for the exchange 715 

of zinc(II) between our representative LMWOA and siderophore in 716 

model solutions based on the chemistry of rice-growing soils.  717 

 718 

3.3. The effect of real soil solutions on the position of LIPs  719 

In Figure 5, calculated LIPs are reported for the exchange of zinc(II) 720 

between our representative LMWOA and siderophore in two model 721 

solutions based on the chemistry of rice-growing soils. The predicted 722 

LIPs from the analysis in NaCl using standard [Zn] and [L] are 723 

included in the figure for the purpose of comparison. The LIPs 724 

calculated for solution A and B are reported as ranges because 725 

different sets of LMWOA (1 – 50 µM) and siderophore (0.1 – 1 µM) 726 

concentrations were analysed in each of the solutions.  727 

 728 

At all ionic strengths tested, the pH LIPs predicted in NaCl fall outside 729 

the range calculated for pH LIPs in solution A. However, the 730 

magnitude of this offset is small; 0.2, 0.5, and 0.3 pH units at 0.001, 731 

0.1, and 1 M, respectively. At all ionic strengths tested, the pH LIPs 732 

predicted in NaCl fall within the range calculated for the pH LIPs in 733 

solution B. In accordance with the analysis in 3.2.2., it was not possible 734 



to calculate ionic strength LIPs in either solution A or B at pH 4 or 8. 735 

This is because for all LMWOA and siderophore concentrations tested, 736 

at pH 4 LMWOA remained dominant between 0 – 1 M and at pH 8 the 737 

siderophore remained dominant between 0 – 1 M.  The ionic strength 738 

LIP predicted in NaCl at pH 6 falls within the range calculated for the 739 

ionic strength LIPs in solution A and B.  740 

 741 

The pH LIPs calculated in solution A and B at individual ionic 742 

strengths vary by between 0.2 – 3.4 pH units depending on the 743 

concentrations of LMWOAs and siderophores used in the speciation 744 

calculations. The ionic strength LIPs vary by between 0.8 – 0.85 M, 745 

depending on the concentrations of LMWOAs and siderophores used 746 

in the speciation calculations. This evidence suggests that the LIPs in 747 

real soil solutions are sensitive to the ligand concentration ratio. 748 

Previous investigations have highlighted the ligand concentration ratio 749 

as an important factor controlling the ligand-exchange process (Z. Hu 750 

et al., 2015). The pH LIPS for solution A and B are not consistent. For 751 

example, at 1.00 M, the pH LIP in solution A and solution B are 5.2 - 752 

6.1 and 6.1 – 9.1, respectively. There does not appear to be any 753 

systematic trend in the discrepancies between the pH LIPs in solution 754 

A and B (the pH LIP for solution A is not always lower than the pH 755 

LIP for solution B or vice versa).  The two model solutions are 756 

differentiated by the concentration of bicarbonate ions; solution A = 2 757 

mM and solution B = 8 mM. Hence, the discrepancies between pH 758 

LIPs in solution A and B would imply that the pH LIPs are sensitive 759 

to bicarbonate concentration. Bicarbonate ions form complexes with 760 

zinc(II) that are stable at high pH (Powell et al., 2005). Competition 761 

between the bicarbonate ions and ligands for zinc(II) shifts the position 762 



of the LIP. The effect of bicarbonate ion concentration on the ionic 763 

strength LIPs at pH 6 appears to be minimal. This is because at pH 6, 764 

the ionic strength LIPs are so highly sensitive to ligand concentration 765 

ratio that the concentration of bicarbonate ions is made almost 766 

irrelevant.  767 

 768 

In summary, the LIPs calculated in the model solutions fit with those 769 

predicted in NaCl and largely fall within the range of the expected 770 

rhizosphere gradients. As such, our evidence suggests that pH and 771 

ionic strength gradients make it possible for LMWOAs and 772 

siderophores to function synergistically during zinc cycling in the 773 

rhizosphere of rice plants. We also find evidence that in real soil 774 

solutions, LIPs are sensitive to both ligand concentration ratios and 775 

bicarbonate ion concentration.  776 

 777 
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9. Tables 

 
Table 1. Ligand acidity constants (log β) at different ionic strength (M NaCl), T = 298.1 K.  

 

 
 
 
 
 
 
 
 
 
 

Ligand Equilibrium 0.05 0.15 0.3 0.5 1 log 𝜷𝟎 𝑪 

         

Citrate H+ + Cit3- =  HCit2- 

 

5.69±0.01 5.44±0.01 5.35±0.01 5.26±0.01 5.12±0.01 6.195±0.001 0.194±0.001 

 2H+ + Cit3- =  H2Cit- 

 

10.18±0.02 9.57±0.02 9.45±0.02 9.32±0.02 9.13±0.02 10.911±0.005 0.301±0.012 

 3H+ + Cit3- =  H3Cit 13.00±0.05 12.10±0.03 11.94±0.04 11.70±0.03 11.53±0.03 13.789±0.006 0.184±0.180 

 

         

DFOB H+ + DFOB3- =  HDFOB2- 

 

11.07±0.07 10.74±0.04 10.36±.02 10.35±0.02 10.14±0.06 11.491±0.002 -0.169±0.003 

 2H+ + DFOB3- =  H2DFOB- 

 

20.94±0.09 20.25±0.06 19.84±0.04 19.77±0.04 19.77±0.08 21.530±0.006 0.173±0.011 

 3H+ + DFOB3- =  H3DFOB 

 

30.05±0.12 29.10±0.09 28.61±0.07 28.60±0.08 28.57±0.12 30.691±0.012 0.194±0.028 

 4H+ + DFOB3- =  H4DFOB+ 38.83±0.14 37.46±0.13 37.00±0.10 36.97±0.16 36.92±0.14 39.250±0.023 -0.079±0.043 



10. Figures 

 

 

 

Figure 1. Conceptual model of interplay between weak (X) and strong (Y) ligands released by bacteria 

as suggested by McRose et al. (2018). Formation of an MX (where M = metal) complex strips M from 

the metal precipitates and brings M into solution; M is exchanged between X and Y; Y transports M 

towards cell surface whilst X is free to return to the metal precipitates. A key question that arises is 

what triggers the ligand exchange? 
 



 

Figure 2. Experimental zinc(II)-ligand stability constants for (a) citrate and (b) DFOB. For each 

species, the modified Extended Debye-Hückel model has been parameterised using experimental data 

from this study and is shown as a dashed line. Literature data is included in the figure for comparison. 

Comprehensive results for the zinc(II)/ligand systems, including stability constants for hydrolysed 

zinc(II)-ligand species, are reported in Table S1. 
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Figure 3. (a) Intrinsic stability constants for the formation of [ZnCit]- and [ZnHCit] species determined 

at different ionic strengths using the Davies equation are shown as circles and triangles, respectively. 

The intrinsic stability constants for the same two species determined by fitting the modified version of 

the Extended Debye-Hückel equation to the full ionic strength dataset are shown as solid lines (b) 

Fraction of complexed zinc(II) in a [Zn] = 10-6 M and [citrate] = 10-5 M system modelled at infinite 

dilution using intrinsic stability constants determined (i) directly, by fitting the modified version of the 

Extended Debye-Hückel equation to the full citrate (pKa and zinc(II)-citrate) stability constant dataset 

(ii-vi) indirectly, using the Davies equation to calculate activity coefficients and adjusting the citrate 

(pKa and zinc(II)-citrate) stability constants separately at 0.05, 0.15, 0.30, 0.50, and 1.00 M (Table S2). 

The dashed lines show the error on the respective curves. The error was calculated by re-running the 

analysis, starting with the high/low estimates for the experimental stability constants. For the direct and 

0.05 M indirect models, the error was too small to display.  
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Figure 4. Fraction of complexed zinc(II) in our representative zinc(II)/LMWOA (citrate) and zinc(II)/siderophore (DFOB) systems ([Zn] = 10-6 M and [L] = 

10-5 M) as a function of (a) pH and (b) ionic strength in NaCl solutions. The shaded grey area shows the rhizosphere-relevant pH and ionic strength zones. 

The raw data for these plots is supplied in the supporting information (Table S3-S4).  
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Figure 5. Calculated LIPs for the exchange of zinc(II) between our representative LMWOA and siderophore in two model solutions based on the chemistry 

of rice-growing soils. The two model solutions are differentiated by the concentration of bicarbonate ions; solution A = 2 mM and solution B = 8 mM. The 

predicted LIPs from the analysis in NaCl using standard [Zn] and [L] are included for comparison. The LIPs calculated for solution A and B are reported as 

ranges because different sets of LMWOA (1 – 50 µM) and siderophore (0.1 – 1 µM) concentrations were analysed in each of the solutions.
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