
 

Universidade de Aveiro 

2023 
 

MEHRIBAN  
ALIYEVA 
 
 

O EFEITO DE IÕES EM COMPOSTOS MODELO DE 

PROTEÍNAS EM SOLUÇÃO AQUOSA: ESTUDOS 

EXPERIMENTAIS E COMPUTACIONAIS 

 

ION EFFECTS ON PROTEIN MODEL COMPOUNDS IN 

AQUEOUS SYSTEMS: EXPERIMENTAL AND COM-

PUTATIONAL STUDIES 

 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 
 

 

 
 
 

Apoio f inanceiro da FCT e do FSE pela bolsa (SFRH/BD/139355/2018).  
 

 

Universidade de Aveiro 

2023 
 

MEHRIBAN  
ALIYEVA 
 
 

O EFEITO DE IÕES EM COMPOSTOS MODELO DE 

PROTEÍNAS EM SOLUÇÃO AQUOSA: ESTUDOS 

EXPERIMENTAIS E COMPUTACIONAIS 

 

ION EFFECTS ON PROTEIN MODEL COMPOUNDS IN 

AQUEOUS SYSTEMS: EXPERIMENTAL AND COM-

PUTATIONAL STUDIES 

 
Tese apresentada à Universidade de Aveiro para cumprimento dos requisitos 

necessários à obtenção do grau de Doutor em Engenharia Química, realizada 

sob a orientação científ ica do Professor João Manuel Costa Araújo Pereira 

Coutinho, Professor Catedrático do Departamento de Química da Universidade 

de Aveiro, e coorientação do Doutor José Richard Baptista Gomes, do 

Departamento de Química da Universidade de Aveiro, e coorientação do 

Professor Simão Pedro de Almeida Pinho, da Escola Superior de Tecnologia e 

Gestão do Instituto Politécnico de Bragança. 

 



To my parents. 



 
 

 

   

o júri   
 

Presidente 
 
 

Doutor Delf im Fernando Marado Torres 
Professor Catedrático da Universidade de Aveiro 

  

Vogais Doutor Simão Pedro de Almeida Pinho 
Professor Coordenador do Instituto Politécnico de Bragança 

  

 Doutora Isabel Maria Almeida Fonseca 
Professora Associada com Agregação da Universidade de Coimbra  

 
 

 Doutora Ana Maria Carreira Lopes 
Professora Associada da Universidade da Beira Interior 

  

 Doutor Fernando Alberto Nogueira da Rocha 
Professor Auxiliar com Agregação da Universidade do Porto 

  

 

 Doutor Nicolas Gislain Schaef fer 
Investigador Júnior da Universidade de Aveiro 

  
 

  

  

 

  



 

 

 
 

 

 

  

Acknowledgement 
 

Many thanks to Pr. Simão Pedro de Almeida Pinho, for this opportunity and 

for believing in my capacity to realize this Ph.D. project. Without his support, 

optimism, scientif ic guidance, suggestions and help, I could not have done it 

all. 

 I thank my supervisor, Pr. João Manuel Costa Araújo Pereira Coutinho, and 

my co-supervisor, Dr. José Richard Baptista Gomes, f or the scientif ic guid-

ance, help and revision of  all my publications.   

 I would like to thank Pr. Olga Ferreira for help, support  and for teaching me 

how to organize better all the work. Many thanks for revision of  my publica-

tions. 

 I would like to thank all the professors, colleagues, and f riends f rom LSRE 

and CIMO for support I have received during all these years. Special thanks  

to Sérgio, Tatiana, Amir and Manu for their endless support, help and f riend-

ship. I deeply appreciate and thank my f riend Olena for the f riendship and 

support. 

 I also would like to thank FCT (Science and Technology Foundation) for the 

f inancial support. 

 Finally, I want to express my love and my gratitude to my parents for their 

encouragement and constant support. Special thanks to my father for believ-

ing in me f rom the very beginning. This work would never be possible without 

his support. 



 

 

 
 

Palavras-chave 

 

Solubilidade, aminoácidos, peptídeos, eletrólitos, efeito salino, salting -in, 
salting-out, catião monovalente, catião divalente, pH, ácido, base, modelação, 

ePC-SAFT 

Resumo Soluções aquosas contendo eletrólitos são o ambiente natural de muitas 
biomoléculas, desempenhando um papel importante na regulação de sua 

estrutura e comportamento f ísico-químico, governando inúmeros processos 
bioquímicos. O conhecimento da solubilidade de aminoácidos  (AA), peptídeos 
e proteínas na presença de sais é, portanto, de extrema importância do ponto 

de vista biológico e de relevo em muitas aplicações das indústrias alimentar e 
farmacêutica. Mesmo que dados relevantes sobre a solubilidade de AA em 
soluções aquosas de eletrólitos possam ser encontrados, as lacunas são 

evidentes, principalmente para AA aromáticos e aqueles que apresentam 
mais de um grupo amino ou carboxílico. 
Esta Tese considera a solubilidade da glicina, L-leucina, L-fenilalanina e ácido 

L-aspártico em soluções aquosas dos sais compostos pela combinação dos 
catiões monovalentes (Na+, K+, NH4+) com os aniões Cl-, NO3- e SCN-, e os 
catiões divalentes (Mg2+ e Ca2+) com os aniões Cl-, NO3-, tendo ainda sido 

avaliada a solubilidade dos isómeros L e DL da valina em soluções aquosas 
de NaNO3 e KNO3. 
Adicionalmente, o efeito salino na solubilidade dos ácido L-glutâmico, ácido 

L-aspártico, L-triptofano e L-tirosina, raramente encontrados na literatura, foi 
realizado em soluções aquosas de KCl e (NH4)2SO4, sais em que é abundante 
a informação com outros aminoácidos, permitindo interpretações mais 

completas. 
Todas as medidas foram realizadas a 298.2 K com molalidade do sal até 2 
mol/kg. O método isotérmico dos frascos com agitação foi combinado com os 

métodos gravimétrico, espectroscopia UV, ou indíce de ref ração para análise 
da composição. Para examinar eventuais alterações na forma cristalográf ica 
dos aminoácidos, foram realizados estudos complementares de fase sólida.  

Foi ainda medido o pH da solução saturada. Os catiões monovalentes não 
pareceram estabelecer interações relevantes com os AA e apresentam um 
impacto muito menor na solubilidade dos AA do que os catiões divalentes, 

sendo o Ca2+ aquele com efeito mais pronunciado. Excetuando o sulfato, os 
aniões seguem a série de Hofmeister. Em geral, AA com cadeias laterais  
apolares apresentaram solubilidade menor do que aqueles com grupos 

polares. O impacto de um sal com um anião orgânico (tosilato) foi também 
estudado, apresentando o maior efeito de salting-in entre todos os sais de 
sódio. Além disso, os estudos de dependência solubilidade com o pH para a 

glicina, diglicina e N-acetilglicina, foram realizados em água e em solução 1 
molal de Na2SO4. 
A equação de estado ePC-SAFT foi ainda aplicada na descrição das 

solubilidade dos AA nas misturas de água + ácido L-glutâmico/ácido L-
aspártico/L-triptofano/L-tirosina + KCl/(NH4)2SO4.  
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Solubility, amino acids, peptides, electrolytes, salt ef fect, salting -in, salting-out, 
monovalent cation, divalent cation, pH, acid, base, modeling, ePC-SAFT 

Abstract Aqueous solutions containing electrolytes are the natural environment of  many 

biomolecules, playing an important role in regulating their structure and physico-
chemical behaviour, governing numerous biochemical processes. The 
knowledge of  the solubility of  amino acids, peptides, and proteins in the pres-

ence of  salts is therefore of  utmost importance f rom a biological perspective in 
many food and pharmaceutical applications. Even if  relevant data on amino ac-
ids solubility in aqueous electrolyte solutions can be found, the gaps are evident, 

particularly for aromatic amino acids and those presenting more than one amino 
or carboxylic group. 
This Thesis considers the solubility of  glycine, L-leucine, L-phenylalanine, and 

L-aspartic acid in aqueous solutions of  the salts composed by combining the 
monovalent (Na+, K+, NH4+) cations with the Cl-, NO3- and SCN- anions and di-
valent (Mg2+ and Ca2+) cations with the Cl-, NO3- anions, and also the solubility 

of  L and DL isomers of  valine in aqueous NaNO3 and KNO3 solutions.  
Additionally, the salt ef fect on the solubility of  the amino acids: L-glutamic acid, 
L-tryptophan, and L-tyrosine, rarely found in the literature, were carried out in 

aqueous solutions of  KCl and (NH4)2SO4, salts for which much information can 
be found allowing for a better rationalization of  the data.  
All the measurements were performed at 298.2 K with molality up to 2 mol/kg. 

The isothermal shake-f lask method combined with the gravimetric, UV spectros-
copy, or ref ractive index measurements was used for compositional analysis. 
To examine any changes in the amino acids crystallographic form, supplemen-

tary solid phase studies were realized. The pH of  the saturated solution was also 
measured. The monovalent cations did not seem to establish relevant interac-
tions with the amino acids and had a much lower impact on their aqueous solu-

bility than divalent cations, being Ca2+ the one showing a more pronounced ef-
fect. For all anions, except the sulfate, the solubility ef fect follows the Hofmeister 
series. In general, amino acids with apolar side chains had lower solubility than 

those with polar groups. Af ter investigating the impact of  inorganic salts on the 
solubility of  amino acids, the impact of  a salt with an organic anion (tosylate) 
also was studied, and a salting-in ef fect was observed. Besides, the solubility-

pH dependence studies for glycine and two peptides containing this amino acid; 
diglycine and N-acetylglycine, were performed in water and 1 molal Na2SO4 so-
lution. 

The electrolyte perturbed-Chain Statistical Association Theory (ePC-SAFT) was 
applied to describe the AA solubility in mixtures of  water + L-glutamic acid/ L-
aspartic acid/ L-tryptophan/ L-tyrosine + KCl/ (NH4)2SO4.  

 



i 
 

Table of contents 

List of Figures.......................................................................................................................iv 

List of Tables.......................................................................................................................xiv 

Nomenclature......................................................................................................................xv 

Chapter 1 – General Introduction...........................................................................................1 

1.1. Amino acids, peptides and salts........................................................................... 2 

1.2. Literature review ................................................................................................. 7 

1.2.1. Solubility data of amino acids ............................................................................. 7 

1.2.2. Solubility data of peptides ................................................................................. 16 

1.2.3. Effect of pH on the solubility ............................................................................ 22 

1.2.4. Molecular dynamics .......................................................................................... 26 

1.3. Objectives and summary of the measurements ................................................. 34 

Chapter 2 – Materials and methodology..............................................................................36 

2.1. Chemicals and experimental methods ............................................................... 37 

2.1.1. Chemicals .......................................................................................................... 37 

2.1.2. Solubility experiments ....................................................................................... 38 

2.1.2.1. Chemical analysis methods ............................................................................... 39 

2.1.2.1.1. Gravimetry......................................................................................................... 39 

2.1.2.1.2. Refractive index measurement  .......................................................................... 40 

2.1.2.1.3. UV spectroscopy method .................................................................................. 41 

2.1.3. Karl Fischer titration.......................................................................................... 42 

2.1.4. pH measurement  ................................................................................................ 43 

2.1.5. Solid phase studies ............................................................................................ 43 

2.1.6. Thermodynamic modeling................................................................................. 44 

Chapter 3 – Solubilities of amino acids in aqueous solutions of salts composed of 

monovalent cations...............................................................................................................47 



 

 

ii 
 

3.1. Experimental data and analysis ......................................................................... 48 

3.2. Ion effects on AA solubility .............................................................................. 54 

3.2.1. Consistent results ............................................................................................... 54 

3.2.2. Contradictory results ......................................................................................... 57 

3.2.3. Consistency analysis.......................................................................................... 58 

3.2.4. Data checking – Solubilities of L and DL-valine. ............................................. 60 

3.3. Effect of the AA structure ................................................................................. 63 

3.3.1. Consistency analysis.......................................................................................... 67 

3.4. The pH of the saturated solutions ...................................................................... 68 

3.5. The solid phase studies ...................................................................................... 69 

Chapter 4 – Solubilities of amino acids in aqueous solutions of salts composed of divalent 

cations...................................................................................................................................71   

4.1. Experimental data and analysis ......................................................................... 72 

4.2. Effect of the AA structure ................................................................................. 78 

4.3. The pH of the saturated solutions ...................................................................... 79 

4.4. The solid phase studies ...................................................................................... 80 

Chapter 5 – Solubilities of amino acids in aqueous solutions of salts with the thiocyanate or 

tosylate anion........................................................................................................................82   

5.1. Experimental data and analysis..........................................................................83  

5.2. The pH of the saturated solutions ...................................................................... 87 

5.3. The solid phase studies ...................................................................................... 88 

Chapter 6 – Solubilities of aromatic and dicarboxylic amino acids in aqueous solutions of 

salts.......................................................................................................................................89 

6.1. Experimental data and analysis ......................................................................... 90 

6.2. The pH of the saturated solutions ...................................................................... 96 

6.3. The solid phase studies ...................................................................................... 96 

6.4. Thermodynamic modeling................................................................................. 97 



 

 

iii 
 

Chapter 7 – The effect of pH on the solubility of amino acids............................................100  

7.1. Experimental data and analysis........................................................................101 

Chapter 8 – Conclusions and future work..........................................................................109 

References..........................................................................................................................115 

List of publications.............................................................................................................131 

Appendix............................................................................................................................132 

 

 

  



 

 

iv 
 

List of Figures 

 
Figure 1. 1. General reaction of the synthesis of peptides1................................................... 3 

Figure 1. 2. Chemical structures of the amino acids and peptides studied in this Thesis. .... 5 

Figure 1. 3. Cations and anions ordering in a Hofmeister series28. ...................................... 6 

Figure 1. 4. Chemical structure of Sodium p-tosylate. ......................................................... 7 

Figure 1. 5. Relative solubility of diglycine in aqueous saline solutions, at 298.2 K: □, 

CaCl2109; □, MgCl2109; □, NH4Cl109; ■, KCl109; □, KCl75; ■, NaCl109; □, NaCl108; △, 

MgSO4
109; ▲, (NH4)2SO4

109; △, (NH4)2SO4
108; △, K2SO4

109; ▲, Na2SO4
109; △, Na2SO4

108; 

◇, KBr75; +, CH3COOK75; ○, NaNO3
65. Lines are guide to the eyes. ................................. 19 

Figure 1. 6. Relative solubility of △, glycine; △, diglycine; ◇, triglycine; □, tetraglycine 

and ◇, cyclic diglycine in aqueous a) KCl; b) KBr; c) KCH3COO solutions at 298.2 K. Data 

from Venkatesu et al.75. ....................................................................................................... 20 

Figure 1. 7. Chemical structure of cyclic diglycine. ........................................................... 21 

Figure 1. 8. Relative solubility of △, diglycine108; ▲, diglycine109, and ○, glycyl-L-

alanine108 in aqueous a) NaCl, b) Na2SO4, c) (NH4)2SO4 solutions at 298.15 K. ............... 21 

Figure 1. 9. Solubility of a) ●, glycine (this work); ●, DL-alanine 125; ○, DL-alanine 119; △, 

L-alanine 122 in water as function of pH at 298.2 K. ........................................................... 26 

Figure 1. 10. Structure and atom labelling of a) alanine (Ala), b) valine (Val), c) isoleucine 

(Ile) and d) 2-aminodecanoic acid (Ada). ............................................................................ 27 

Figure 1. 11. Chemical structures of the peptide models: a) N-Ac-Pro-OMe, b) N-Boc-Pro-

OMe and c) N-Boc-Pro-NHMe. .......................................................................................... 31 

Figure 1. 12. Chemical structure of N-methylacetamide (NMA). ...................................... 32 

Figure 1. 13. Chemical structures of a) uncapped, b) half-capped and c) capped triglycine 

molecule............................................................................................................................... 33 

 

Figure 2. 1. The thermostat water bath, pH meter and all the necessary materials. ........... 39 

Figure 2. 2. The glass vessels with formed crystals............................................................ 40 

Figure 2. 3. Refractometer (Abbemat 500, Anton Paar)..................................................... 40 

Figure 2. 4. Jasco V-730 UV-Visible spectrophotometer................................................... 42 

Figure 2. 5. 831 KF Coulometer, Metrohm. ....................................................................... 43 

 



 

 

v 
 

Figure 3. 1. Relative solubility of ◆, glycine; ▲, L-leucine; ■, L-phenylalanine, and ●, L-

aspartic acid in aqueous a) NaCl; b) NaNO3; c) KCl; d) KNO3; e) NH4Cl, and f) NH4NO3 

solutions with different molalities at 298.2 K. .................................................................... 50 

Figure 3. 2. Relative solubility of a) glycine; b) L-leucine; c) L-phenylalanine, and d) L-

aspartic acid in aqueous ○, NaCl; □, NaNO3; ○, KCl; □, KNO3; ○, NH4Cl, and □, NH4NO3 

solutions with different molalities at 298.2 K. .................................................................... 51 

Figure 3. 3. Relative solubility of glycine in aqueous salt solutions at 298.2 K: ◆, (this 

work); ◇, Roy et al.50; ◆, Khoshkbarchi and Vera46; ◇, Venkatesu et al.75;  □, Ferreira et 

al.70; ○, Pradhan and Vera63; ●, Roy et al.64; ◆, Talukdar et al.65; □, Held et al.49; ○, Zeng 

and Li78. Lines are a guide to the eyes. ................................................................................ 53 

Figure 3. 4. Relative solubility of a) L-aspartic acid: ●, (this work); □, Bretti et al.57; □, 

Wang et al.26; b) L-phenylalanine: ■, (this work); □, Bretti et al.55, and c) L-leucine: ▲, (this 

work); △, Bretti et al.55 in aqueous salt solutions at 298.2 K. Lines are a guide to the eyes.

 ............................................................................................................................................. 54 

Figure 3. 5. Ion effects on the relative solubility of glycine in aqueous salt solutions at 298.2 

K: △, KNO3 (this work); □, KCl (this work); ◇, KBr61; ○, KBr42; ◇, KI42; ○, K2SO4
77; ○, 

KF41; ◇, KF42;  +, KCH3COO75; △, NaNO3 (this work) ; □, NaCl (this work) ; ◇, NaI42; ○, 

NaI62; x, Na2SO4
70; ◇, Na2SO4

71; △, Na2SO4
72; ○, NaF41; ◇, NaF42; ○, NaBr42; ◇, NaBr61; 

△, NH4NO3 (this work); □, NH4Cl (this work); ー, (NH4)2SO4
6; +, (NH4)2SO4 

49. Lines are 

a guide to the eyes................................................................................................................ 55 

Figure 3. 6. Ion effects on the relative solubility of DL-alanine in aqueous salt solutions at 

298.2 K:  ○,  K2SO4
77; +,  K2SO4

40;  ○,  KBr42; ◇,  KBr61; ◇, KI42; △,  KCl70; ◇,  KCl46; ○,  

KCl52; ○,  KF41; ◇,  KF42; ◇,  KNO3
63; ○,  KNO3

76; □,   Na2SO4
70; ◇,  Na2SO4

71;  △,  

Na2SO4
72; ○,  NaBr42; ◇,  NaBr61; ○, NaI62; ◇, NaI42; ×,  NaCl46; ー,  NaCl52; ◇,  NaF42;  ○,  

NaF41; ◇,  NaNO3
63; +, NaNO3

67; □, (NH4)2SO4
6; □, NH4Cl79. Lines are a guide to the eyes.

 ............................................................................................................................................. 57 

Figure 3. 7. Relative solubility of glycine: ◇, Ferreira et al.70; □, Roy et al.71; △, Rama-

sami72; ◆, (this work); DL-alanine: ◇, Roy et al.71; □, Ferreira et al.70; △, Ramasami72; ○, 

Pradhan and Vera63; +, Roy et al.67; DL-valine: △, Roy et al.71; ○, Ramasami72; ◇, Pradhan 



 

 

vi 
 

and Vera63; L-isoleucine: □, Chowdurry et al.73; ○, Chowdurry et al.68, and L-leucine: ▲, 

(this work) in aqueous Na2SO4 and NaNO3 solutions. Lines are a guide to the eyes. ........ 58 

Figure 3. 8. Relative solubility of glycine in aqueous K2SO4, Na2SO4 and KBr solutions: +, 

Hossain et al.77; ー, El-Dossoki42; □, Ferreira et al.70; △, Ramasami72; ◇, Roy et al.71; ◇, 

Guin et al.61; ○, El-Dossoki42; △, Venkatesu et al.75. Lines are a guide to the eyes. .......... 59 

Figure 3. 9. Relative solubility of DL-alanine and DL-valine in aqueous K2SO4 and Na2SO4 

solutions: ○, Hossain et al.77; ー, El-Dossoki42; □, Ferreira et al.70; △, Ramasami72; ◇, Roy 

et al.71; +, Tomé et al.40. Lines are a guide to the eyes. ....................................................... 60 

Figure 3. 10. Relative solubility of ●, L-valine and ■, DL-valine in aqueous salt solutions. 

Lines are a guide to the eyes. ............................................................................................... 61 

Figure 3. 11. Relative solubility of L-valine: ○, (this work); △, Held et al.49, and DL-valine: 

□, (this work), ◇, Pradhan and Vera63 in aqueous salt solutions. Lines are a guide to the eyes.

 ............................................................................................................................................. 62 

Figure 3. 12. Relative solubility of glycine: ◇, (this work); DL-alanine: ○, Pradhan and 

Vera63; +, Roy et al.67; ー, Hossain et al.76; L-alanine: ×, Held et al.49; L-valine: ○, (this 

work); DL-valine: □, (this work); L-isoleucine: ○, Chowdurry et al.68, and L-leucine: ▲, 

(this work) in aqueous NaNO3 and KNO3 solutions. Lines are a guide to the eyes. ........... 62 

Figure 3. 13. Relative solubility of different AAs in aqueous NaCl solution at 298.2 K: ●, 

L-aspartic acid (this work); ■, L-phenylalanine (this work); ▲, L-leucine (this work); ◆, 

glycine (this work); ◇, L-glutamic acid57; ◆, DL-alanine46; +, DL-alanine52; △, L-alanine49;  

□, DL-serine46; △, DL-serine52; ○, L-cysteine56; △, L-glutamine57; ◇, L-histidine57;  △, L-

valine49; ; +, DL-valine46; □, DL-nor-valine83; ○, L-proline53; +, L-proline49; ○, DL-tyro-

sine60; □, DL-tryptophan60; ○, L-lysine56. Lines are a guide to the eyes. ............................ 64 

Figure 3. 14. Relative solubility  of different AAs in aqueous KCl solution at 298.2 K: ●, L-

aspartic acid (this work); ■, L-phenylalanine (this work); ▲, L-leucine (this work); ◆, gly-

cine (this work); ▲, DL-alanine70; ◆, DL-alanine46; +, DL-alanine52; △, L-alanine49; □, L-

isoleucine74; □, DL-serine46; △, DL-serine52; ○, L-serine74; ○, L-threonine74; △, L-valine49; 

□, DL-α-aminobutyric acid82, and ○, L-proline53; +, L-proline49. Lines are a guide to the eyes.

 ............................................................................................................................................. 65 



 

 

vii 
 

Figure 3. 15. Relative solubility of different AAs in aqueous NaNO3 solution at 298.2 K: ●, 

L-aspartic acid (this work); ■, L-phenylalanine (this work); ▲, L-leucine (this work); ◆, 

glycine (this work); ●, L-valine (this work); ■, DL-valine (this work); □, L-isoleucine68; ○, 

DL-alanine63; □, DL-alanine67; △, L-alanine49; □, DL-nor-valine64; △, L-serine68; ○, L-pro-

line53; +, L-proline49 and □, DL-α-aminobutyric acid84. Lines are a guide to the eyes. ...... 66 

Figure 3. 16. Relative solubility of different AAs in aqueous KNO3 solution at 298.2 K: ●, 

L-aspartic acid (this work); ■, L-phenylalanine (this work); ▲, L-leucine (this work); ◆, 

glycine (this work); ●, L-valine (this work); ■, DL-valine (this work); □, L-isoleucine68; ◇, 

DL-alanine76; ○, DL-alanine63; △, L-alanine49, △, L-serine68; ○, L-proline53; +, L-proline49; 

and □, DL-nor-valine64. Lines are a guide to the eyes. ........................................................ 66 

Figure 3. 17.  Relative solubility of DL-serine: ー, Pradhan and Vera63; □, Mondal et al.59; 

○, Hossain et al.76; and △, L-serine:  Chowdhury et al.68 in aqueous NaNO3 and KNO3 so-

lutions. Lines are a guide to the eyes. .................................................................................. 67 

Figure 3. 18. Relative solubility of ×, DL-alanine61; ー, DL-alanine42; □, DL-alanine41; ○, 

DL-alanine79; △, DL-alanine77; □, Glycine75; △, Glycine61; ×, Glycine41; ○, Glycine77; +, 

Glycine42; ×, DL-valine42; ○, DL-valine61; □, L-isoleucine57; ◇, L-isoleucine73; ○, L-isoleu-

cine40;  ○, DL-serine61; +, DL-serine42; ×, DL-serine41; □, DL-serine77 in aqueous salt 

solutions at 298.2 K.Lines are a guide to the eyes............................................................... 68 

 

Figure 4. 1. Relative solubility of ◆, glycine; ▲, L-leucine; ■, L-phenylalanine, and ●, L-

aspartic acid in aqueous a) MgCl2; b) Mg(NO3)2; c) CaCl2; and d) Ca(NO3)2 solutions with 

different molalities at 298.2 K. ............................................................................................ 74 

Figure 4. 2. Relative solubility of a) glycine; b) L-leucine; c) L-phenylalanine, and d) L-

aspartic acid in aqueous ○, MgCl2; □, Mg(NO3)2; ○, CaCl2; □, Ca(NO3)2 solutions with dif-

ferent salt molalities at 298.2 K. .......................................................................................... 75 

Figure 4. 3. Relative solubility of glycine in aqueous CaCl2 solution at 298.2 K: ◆, (this 

work); ◇, El-Dossoki42. Lines are a guide to the eyes. ....................................................... 76 

Figure 4. 4. Relative solubility of glycine, L-leucine, L-phenylalanine, and L-aspartic acid 

in 2 mol/kg aqueous solutions of MgCl2, Mg(NO3)2, CaCl2, Ca(NO3)2, NaCl, NaNO3, KCl, 

KNO3, NH4Cl, and, NH4NO3 at 298.2 K............................................................................. 77 



 

 

viii 
 

Figure 4. 5. Relative solubility of different AAs in aqueous MgCl2 solution at 298.2 K: ●, 

L-aspartic acid (this work); ■, L-phenylalanine (this work); ▲, L-leucine (this work); ◆, 

glycine (this work); ●, DL-alanine79; ◇, L-valine79; ○, L-isoleucine79. Lines are a guide to 

the eyes. ............................................................................................................................... 78 

Figure 4. 6. Relative solubility of different AAs in aqueous CaCl2 solution at 298.2 K: ●, L-

aspartic acid (this work); ■, L-phenylalanine (this work); ▲, L-leucine (this work); ◆, gly-

cine (this work); ●, DL-alanine40; +, DL-serine42; ○, L-cysteine56; ◇, L-valine40; ○, L-iso-

leucine40; ○, L-lysine56. Lines are a guide to the eyes. ........................................................ 79 

 

Figure 5. 1. Relative solubility of ◇, glycine; ▲, L-leucine; □, L-phenylalanine, and ●, L-

aspartic acid in aqueous a) NaSCN; b) KSCN, and c) NH4SCN solutions with different 

molalities at 298.2 K. ........................................................................................................... 85 

Figure 5. 2. Relative solubility of ◇, glycine; ▲, L-leucine; □, L-phenylalanine, and ●, L-

aspartic acid in aqueous Na-tosylate solution with different molalities at 298.2 K. ........... 86 

Figure 5. 3. Relative solubility of a) glycine; b) L-leucine; c) L-phenylalanine, and d) L-

aspartic acid in aqueous ○, NaCl; □, NaNO3; △, NaSCN; x, Na2SO4
70 and ◇, Na-tosylate 

solutions with different molalities at 298.2 K. .................................................................... 87 

  

Figure 6. 1. Relative solubility of the amino acids in aqueous solutions of a) KCl and b) 

(NH4)2SO4, at 298.2 K. ●, L-aspartic acid; ■, L-glutamic acid; ▲, L-tryptophan and x, L-

tyrosine. Lines were calculated with ePC-SAFT using the parameters from Table 2. 2, Table 

2. 3 and Table 6. 3................................................................................................................92 

Figure 6. 2. Relative solubility of L-glutamic acid as a function of salt molality at 298.2 K: 

◆, NaCl57; ■, KCl (this work); ▲, KCl58. Lines are a guide to the eyes.............................93 

Figure 6. 3.  Relative solubility of: a) L-Asp - ●, (this work); L-Glu - ■, (this work); L-Ser 

- □, 74; L-Thr - ∆, 74; L-Pro - ○, 53, +, 49; Gly - x, (this work)  and b) L-Trp - ▲, (this work); 

L-Tyr - x, (this work); L-Ala - ■, 49; L-Ile - □, 74; L-Val - △, 49; L-Leu - ▲, (this work); L-

Phe - +, (this work) in aqueous KCl solution at 298.2 K. Lines were calculated with ePC-

SAFT using the parameters from Table 2. 2, Table 2. 3 and Table 6. 3.............................94 

Figure 6. 4. Relative solubility of: a) L-Asp - ●, (this work); L-Glu - ■, (this work); L-Ser - 

□, 6; L-Thr - ∆, 6; L-Pro - +, 49; Gly - x, 6 and b) L-Trp - ▲, (this work); L-Tyr - x, (this 

work); L-Ala - ■, 49; L-Ile - □, 6; L-Val - △, 49, ◇, 79 in aqueous (NH4)2SO4 solution at 298.2 



 

 

ix 
 

K. Lines were calculated with ePC-SAFT using the parameters from Table 2. 2, Table 2. 3 

and Table 6. 3.......................................................................................................................95 

 

Figure 7. 1. Solubility of glycine (Gly), diglycine (Gly-Gly) and N-acetylglycine (NAGly) 

in water at 298.2 K as a function of pH..............................................................................103 

Figure 7. 2. Solubility of glycine (Gly), diglycine (Gly-Gly) and N-acetylglycine (NAGly) 

at 298.2 K in 1 molal Na2SO4 solution as a function of pH................................................104 

Figure 7. 3. Solubility of glycine (Gly), diglycine (Gly-Gly) and N-acetylglycine (NAGly) 

at 298.2 K in ●, water and in ●,1 molal Na2SO4 solution as a function of pH...................105 

Figure 7. 4. Relative solubility of ◆, glycine (Gly), ▲, diglycine (Gly-Gly) and ●, N-acetyl-

glycine (NAGly) at 298.2 K in water and in 1 molal Na2SO4 solution as a function of 

pH.......................................................................................................................................106 

Figure 7. 5. Solubility of glycine in water as a function of pH at 298.2 K: ●, (this work); ○, 

Needham et al.122................................................................................................................107 

Figure 7. 6. Solubility of a) ●, glycine (this work); ●, DL-alanine125; ○, DL-alanine119; △, 

L-alanine122; b) ○, L-valine124; ●, L-valine122; □, L-isoleucine119; △, L-isoleucine124; ○, L-

leucine119; ●, L-leucine124; c) ○, L-aspartic acid103; ○, L-glutamic acid103; d) ●, L-phenylal-

anine122; ○, DL-phenylalanine119; ○, L-tyrosine103; e) ○, L-asparagine103, and ○, L-gluta-

mine103; in water as a function of pH at 298.2 K.................................................................108 

 

Figure A 1. The chemical structures of all amino acids and peptides listed in Figures in this 

work....................................................................................................................................133 

 

Figure B 1. Chemical species distribution as a function of pH of glycine.  ...................... 134 

Figure B 2. Chemical species distribution as a function of pH of L-leucine.................... 135 

Figure B 3. Chemical species distribution as a function of pH of L-phenylalanine. ........ 136 

Figure B 4. Chemical species distribution as a function of pH of L-tryptophan. ............. 137 

Figure B 5. Chemical species distribution as a function of pH of L-tyrosine. ................. 138 

Figure B 6. Chemical species distribution as a function of pH of L-aspartic acid. .......... 139 

Figure B 7. Chemical species distribution as a function of pH of L-glutamic acid.......... 140 

Figure B 8. Chemical species distribution as a function of pH of L-valine (DL-valine). 141 

Figure B 9. Chemical species distribution as a function of pH of diglycine.  ................... 142 



 

 

x 
 

Figure B 10. Chemical species distribution as a function of pH of N-acetylglycine. ...... 143 

 

Figure C 1. Comparison of the experimental X–ray powder diffraction pattern of glycine 

from supplier with the powder pattern calculated from the single-crystal X-ray diffraction 

data CCDC 1416373 (α form) and CCDC 1416374 (γ form)............................................144 

Figure C 2. Comparison of the experimental X–ray powder diffraction pattern of glycine 

obtained after crystallization with the different salts solutions with the powder pattern 

calculated from the single-crystal X-ray diffraction data CCDC 1416374 (γ-glycine)..... 144 

Figure C 3. Comparison of the experimental X–ray powder diffraction pattern of L-leucine 

from supplier and L-leucine samples obtained after crystallization with the different salts 

solutions with the powder pattern calculated from the single-crystal X-ray diffraction data 

CCDC 1508364. ................................................................................................................ 145 

Figure C 4. Comparison of the experimental X–ray powder diffraction pattern of L-

phenylalanine from supplier and L-phenylalanine samples obtained after crystallization with 

the NaCl and NaNO3 salts solutions with the powder pattern calculated from the single-

crystal X-ray diffraction data CCDC 1012155. ................................................................. 145 

Figure C 5. Comparison of the experimental X–ray powder diffraction pattern of L-aspartic 

acid from supplier and L-aspartic acid samples obtained after crystallization with the KCl 

and NH4Cl salts solutions with the powder pattern calculated from the single-crystal X-ray 

diffraction data CCDC 652520. ......................................................................................... 146 

Figure C 6. Comparison of the experimental X–ray powder diffraction pattern of the solid 

phase samples of L-valine (filtrated from aqueous solutions of NaNO3 or KNO3) with the 

powder pattern calculated from the single-crystal X-ray diffraction data CCDC 1208818.

 ........................................................................................................................................... 146 

Figure C 7. Comparison of the experimental X–ray powder diffraction pattern of the solid 

phase samples of DL-valine (filtrated from aqueous solutions of NaNO3 or KNO3) with the 

powder pattern calculated from the single-crystal X-ray diffraction data CCDC 1279575.

 ........................................................................................................................................... 147 

Figure C 8. Comparison of the experimental X–ray powder diffraction pattern of the solid 

phase samples of glycine (from supplier and filtrated from aqueous solutions of chloride or 

nitrate salts of divalent (Mg2+ or Ca2+) cations) with the powder pattern calculated from the 

single-crystal X-ray diffraction data 1416374 (γ form)..................................................... 147 



 

 

xi 
 

Figure C 9. Comparison of the experimental X–ray powder diffraction pattern of the solid 

phase samples of aspartic acid (from supplier and filtrated from aqueous solutions of chloride 

or nitrate salts of divalent (Mg2+ or Ca2+) cations) with the powder pattern calculated from 

the single-crystal X-ray diffraction data CCDC 652520. .................................................. 148 

Figure C 10. Comparison of the experimental X–ray powder diffraction pattern of the solid 

phase samples of leucine (from supplier and filtrated from aqueous solutions of calcium 

salts) with the powder pattern calculated from the single-crystal X-ray diffraction data 

CCDC 1508364. ................................................................................................................ 148 

Figure C 11. Comparison of the experimental X–ray powder diffraction pattern of the solid 

phase samples of phenylanine (from supplier and filtrated from aqueous solutions of nitrate 

salts of divalent (Mg2+ or Ca2+) cations) with the powder pattern calculated from the single-

crystal X-ray diffraction data CCDC 1012155 (the * denote a second phase present in the 

sample phe_MgNO3, searching in ICDD database version 2022 was not possible to identified 

this second phase). ............................................................................................................. 149 

Figure C 12.  Comparison of the experimental X–ray powder diffraction pattern of the solid 

phase samples of glycine (filtrated from aqueous solutions of NaSCN, KSCN, and NH4SCN 

salts or Na-tosylate) with the powder pattern calculated from the single-crystal X-ray 

diffraction data 1416374 (γ form)...................................................................................... 149 

Figure C 13.  Comparison of the experimental X–ray powder diffraction pattern of the solid 

phase samples of aspartic acid (filtrated from aqueous solutions of NaSCN, KSCN, and 

NH4SCN salts or Na-tosylate) with the powder pattern calculated from the single-crystal X-

ray diffraction data CCDC 652520. ................................................................................... 150 

Figure C 14.  Comparison of the experimental X–ray powder diffraction pattern of the solid 

phase samples of phenylalanine (filtrated from aqueous solutions of NaSCN, KSCN, and 

NH4SCN salts or Na-tosylate at 1.5 molal) with the powder pattern calculated from the 

single-crystal X-ray diffraction data CCDC 1012155. ...................................................... 150 

Figure C 15. Comparison of the experimental X–ray powder diffraction pattern of the solid 

phase samples of phenylalanine (filtrated from aqueous solutions of Na-tosylate at 2 molal) 

with the powder pattern calculated from the single-crystal X-ray diffraction data CCDC 

1012155. ............................................................................................................................ 151 

Figure C 16. Comparison of the experimental X–ray powder diffraction pattern of the solid 

phase samples of leucine (filtrated from aqueous solutions of NaSCN, KSCN, and NH4SCN 



 

 

xii 
 

salts or Na-tosylate) with the powder pattern calculated from the single-crystal X-ray 

diffraction data CCDC 1508364. ....................................................................................... 151 

Figure C 17. Comparison of the experimental X–ray powder diffraction pattern of the solid 

phase samples of L-glutamic acid (from supplier and filtrated from the ternary saturated 

solutions containing a 2 molal salt concentration) with the powder pattern calculated from 

the single-crystal X-ray diffraction data CCDC 1587065165. The symbols * and + locate the 

strong peaks of KCl (at around 35 2/º,170) and NH4(SO4)2 (at around 21 2/º,171), 

respectively. ....................................................................................................................... 152 

Figure C 18. Comparison of the experimental X–ray powder diffraction pattern of the solid 

phase samples of L-aspartic acid (from supplier and filtrated from the ternary saturated 

solutions containing a 2 molal salt concentration) with the powder pattern calculated from 

the single-crystal X-ray diffraction data CCDC 652520158. The symbols * and + locate the 

strong peaks of KCl (at around 35 2/º,170) and NH4(SO4)2 (at around 21 2/º,171), 

respectively. ....................................................................................................................... 152 

Figure C 19. Comparison of the experimental X–ray powder diffraction pattern of the solid 

phase samples of L-tryptophan (from supplier and filtrated from the ternary saturated 

solutions containing a 2 molal salt concentration) with the powder pattern calculated from 

the single-crystal X-ray diffraction data CCDC 986569166. The symbols * and + locate the 

strong peaks of KCl (at around 35 2/º,170) and NH4(SO4)2 (at around 21 2/º,171), 

respectively. ....................................................................................................................... 153 

Figure C 20. Comparison of the experimental X–ray powder diffraction pattern of the solid 

phase samples of L-tyrosine (from supplier and filtrated from the ternary saturated solutions 

containing a 2 molal salt concentration) with the powder pattern calculated from the single-

crystal X-ray diffraction data CCDC 1208550167. The symbols * and + locate the strong 

peaks of KCl (at around 35 2/º, 170) and NH4(SO4)2 (at around 21 2/º,171), respectively.

 ........................................................................................................................................... 153 

Figure C 21. Comparison of the experimental X–ray powder diffraction pattern of the solid 

phase samples of glycine (used in the analysis with Na-tosylate) from supplier with the 

powder pattern calculated from the single-crystal X-ray diffraction data CCDC 1416373 (α 

form) and CCDC 1416374 (γ form). ................................................................................. 154 

Figure D 1. Calibration curve of L-aspartic acid in aqueous Na-tosylate solution at 1 

molal...................................................................................................................................154 



 

 

xiii 
 

 

Figure E 1. Solubility of glycine: ●, (this work); ○,43 and diglycine: ●, (this work); ○,43 in 

water as a function of pH at 298.2 K. ................................................................................ 155 

 

  



 

 

xiv 
 

List of Tables 

Table 1. 1. Literature review on salting effect on the AAs solubility in aqueous electrolyte 

solutions. ................................................................................................................................ 8 

Table 1. 2. Summary of the solubility data of glycine in aqueous electrolyte solutions 

published in the literature. ................................................................................................... 10 

Table 1. 3. Summary of the solubility data of aspartic acid, glutamic acid, tyrosine, 

tryptophan, leucine, phenylalanine and valine in aqueous electrolyte solutions, found in the 

literature. .............................................................................................................................. 12 

Table 1. 4. Summary of the salt effect on the solubility data of amino acids not studied in 

this work. Data published in the literature since 2014. ........................................................ 13 

Table 1. 5. Summary of the literature solubility data of the amino acids in pure water, studied 

in this work. ......................................................................................................................... 15 

Table 1. 6. Summary of the salt effect on the solubility of peptides published in the literature.

 ............................................................................................................................................. 16 

Table 1. 7. Summary of the literature solubility data of the peptides studied in this work in 

pure water. ........................................................................................................................... 17 

Table 1. 8. The enthalpies of hydration of the ions40. ......................................................... 29 

 

Table 2. 1. Source and mass fraction purity of the compounds. ......................................... 37 

Table 2. 2. PC-SAFT pure-component parameters of water and AA, the binary interaction 

parameters between AA and water, and melting properties from Do et al.99...................... 46 

Table 2. 3. PC-SAFT pure-component parameters of ions, and kij between ion and water and 

between anion and cation. All parameters inherited from Held et al.141. ............................ 46 

 

Table 3. 1. Solubilities (g of AA/1000 g of H2O) of the amino acids in aqueous solutions of 

salts at different molalities at 298.2 K and p = 0.1 MPa (standard deviation between 

brackets).a............................................................................................................................. 48 

Table 3. 2. Solubilities (g of AA/1000 g of H2O) of L-valine and DL-valine in aqueous 

NaNO3 and KNO3 solutions at different molalities at 298.2 K (standard deviation between 

brackets) and p = 0.1 MPa.a ................................................................................................. 61 

Table 3. 3. pH range of saturated solutions of L-aspartic acid, glycine, L-phenylalanine, or 

L-leucine in the studied aqueous electrolyte solutions at 298.2 K. ..................................... 69 



 

 

xv 
 

Table 3. 4. Cell parameters for Glycine, L-aspartic acid, L-phenylalanine and L-leucine from 

supplier determined by single crystal X-ray diffraction and comparison with published data 

in CCDC Cambridge database. ............................................................................................ 70 

 

Table 4. 1. Solubility of the amino acids (g of AA/1000 g of H2O), standard deviation in 

brackets) in aqueous solutions of salts at different molalities, T = 298.2 K and p = 0.1 MPa.a

 ............................................................................................................................................. 72 

Table 4. 2. pH values for the different AA saturated solutions in aqueous electrolyte 

solutions at 298.2 K.a ........................................................................................................... 80 

Table 4. 3. Cell parameters for amino acids in aqueous solutions of chloride or nitrate salts 

of divalent (Mg2+ or Ca2+) Cations determined by single crystal X-ray diffraction and 

comparison with published data in CCDC Cambridge database. ........................................ 81 

 

Table 5. 1. Solubility of the amino acids (g of AA/1000 g of H2O, standard deviation in 

brackets) in aqueous salt solutions at different molalities, T = 298.2 K and p = 0.1 MPa.a....83 

Table 5. 2. pH range of saturated solutions of glycine, L-leucine, L-phenylalanine and L-

aspartic acid in aqueous NaSCN, KSCN, NH4SCN and Na-tosylate solutions at 298.2 K....88 

 

Table 6. 1. Solubility of the amino acids (g of AA/1000 g of H2O, standard deviation in 

brackets) in aqueous KCl and (NH4)2SO4 solutions at different molalities, T = 298.2 K and 

p = 0.1 MPa.a........................................................................................................................91 

Table 6. 2. pH range of saturated solutions of AAs in aqueous (NH4)2SO4 or KCl solutions 

at 298.2 K............................................................................................................................. 96 

Table 6. 3. ePC-SAFT binary 𝑘𝑖𝑗 parameters between inorganic anions and amino acid 

estimated in this worka. Valid only with the parameters in Table 2. 2 and Table 2. 3....... 98 

Table 6. 4. The average ARD between ePC-SAFT and experimental solubility for N data 

points.................................................................................................................................... 99 

 

Table 7.1. Solubilities (g of solute/1000 g of H2O) of glycine, diglycine and N-acetylglycine 

at different pHs in water and 1 molal Na2SO4 solution at 298.2 K and p = 0.1 MPa (standard 

deviation between brackets)………………………………………………………………101 



 

 

xvi 
 

Nomenclature 

Abbreviations 

GROMACS 
 

 
Calculated 

CCDC 
ePC-SAFT 
 

EPS 
Eq. 

exp 
FSC 
e.g. 

HPLC 
Trans/cis 

 
 
KF 

L 
MC 

MD 
NMR 
PC-SAFT 

 
RDF 

Ref 
S 
i.e. 

UV 
XRD 

A free and open-source software suite for 
high-performance molecular dynamics 

and output analysis 
Calculated 

Cambridge Crystallographic Data Centre 
Electrolyte Perturbed-Chain Statistical 
Association Theory 

Electrostatic potential surface 
Equation 

Experimental 
Fast Scanning Calorimetry 
For example 

High-performance liquid chromatography 
Isomers that have different configurations 

(groups permanently in different places in 
space) 
Karl-Fischer 

Liquid state 
Model compound 

Molecular dynamic 
Nuclear magnetic resonance 
Perturbed-Chain Statistical Association 

Theory 
Radial distribution function 

Reference 
Solid state 
That is 

Ultraviolet 
X-Ray diffraction 

Amino acids 

Ala 
Abu 

Ada 
Arg  

Asn  
Asp  
Cys  

Glu  
Gln  

Gly  
His  
Ile  

Alanine 
Aminobutyric acid 

Aminodecanoic acid 
Arginine 

Asparagine 
Aspartic acid 
Cysteine 

Glutamic acid 
Glutamine 

Glycine 
Histidine 
Isoleucine 



 

 

xvii 
 

Leu  

Lys  
Met  

Nva 
Phe  
Pro  

Ser  
Thr  

Trp  
Tyr  
Val  

Leucine 

Lysine 
Methionine 

Nor-valine 
Phenylalanine 
Proline 

Serine 
Threonine 

Tryptophan 
Tyrosine 
Valine 

Peptides 

Gly-Gly 

Gly-Ala 
NAGly 

VPGVG 

Diglycine 

Glycine-alanine 
N-acetylglycine 

Valine-proline-glycine-valine-glycine 

Salts 

AlCl3 

Al2(SO4)3 
NH4Cl 

NH4NO3 
(NH4)2SO4 
NH4SCN 

BaCl2 
CaCl2 

Ca(NO3)2 
CuCl2 
LiCl 

Li2SO4 
MgCl2 

Mg(NO3)2 
MgSO4 
NiCl2 

CH3COOK 
KBr 

KCl 
KF 
KI 

KNO3 

K2SO4 

KSCN 
NaBr 
NaCl 

NaF 
NaI 

Aluminium chloride 

Aluminium sulfate 
Ammonium chloride 

Ammonium nitrate 
Ammonium sulfate 
Ammonium thiocyanate 

Barium chloride 
Calcium chloride 

Calcium nitrate 
Copper chloride 
Lithium chloride 

Lithium sulfate 
Magnesium chloride 

Magnesium nitrate 
Magnesium sulfate 
Nickel chloride 

Potassium acetate 
Potassium bromide 

Potassium chloride 
Potassium fluoride 
Potassium iodide 

Potassium nitrate 
Potassium sulfate 

Potassium thiocyanate 
Sodium bromide 
Sodium chloride 

Sodium fluoride 
Sodium iodide 



 

 

xviii 
 

NaNO3 

NaClO4 
NaOTs 

NaSO4 

NaSCN 
ZnCl2 

Sodium nitrate 

Sodium perchlorate 
Sodium p-toluenesulfonate 

Sodium sulfate 
Sodium thiocyanate 
Zinc chloride 

Cations 

NH3
+RCOOH 

NH4
+ 

Ca2+ 

Cs+ 

Cdm2+ 
Cu2+ 

H+ 

Fe2+ 
Li+ 

Mg2+ 
Mn2+ 
Me2+ 

K+ 
Rb+ 

Na+ 

N(CH3)4
+ 

Zn2+ 

Amino acid 

Ammonium  
Calcium  

Cesium  
Copper  
Guanidium  

Hydrogen  
Iron  

Lithium  
Magnesium  
Manganese  

Metal  
Potassium  
Rubidium  

Sodium  
Tetramethylammonium  

Zinc  

Anions 

OAc-/CH3COO- 

NH2RCOO- 
Br- 

ClO3
- 

Cl- 
cit- 

PF6
- 

HPO4
2- 

OH- 
I- 

NO3
- 

ClO4
- 

SO4
2- 

BF4
- 

SCN- 

Acetate 

Amino acid 
Bromide  

Chlorate  
Chloride  
Citrate  

Hexafluorophospate  
Hydrogen phosphate  

Hydroxide  
Iodide  
Nitrate  

Perchlorate  
Sulfate  

Tetrafluoroborate  
Thiocyanate  

Groups 



 

 

xix 
 

-NH2 

-CH2C6H5 
-C4H9 

C=O 
-COOH 
-C3H7 

-CH3 
-CH2- 

-SH 
N-terminus 
C-terminus 

-R 
Ct 

CB 

 
Op 

Amino group 

Benzyl group 
Butyl group 

Carbonyl group 
Carboxyl group 
Isopropyl group 

Methyl group 
Methylene group 

Thiol group 
Amino-termins 
Carboxyl-termins 

Side chain 
Terminal carbon group 

Other carbon atoms of the same alkyl chain 
Carbonyl oxygen 

Compounds 

AA/NH2RCOOH 

C2H5OH 
HCl 
N-Boc-Pro-NHMe 

 
N-Boc-Pro-OMe 

 
N-Ac-Pro-OMe 
HNO3 

NMA 
KOH 

C3H8O 
RNA 
NaOH 

H2O 
NH3

+RCOO- 

Amino acid 

Ethanol 
Hydrochloric acid 
N-(tert-butyloxycarbonyl) proline methyl 

amide 
N-(tert-butyloxycarbonyl) proline methyl 

ester 
N-acetyl proline methyl ester 
Nitric acid 

N-methyl acetamide 
Potassium hydroxide 

Propanol 

Ribonucleic acid 

Sodium hydroxide 

Water 
Zwitterionic amino acid  

Symbols 

𝛾i
L  

𝑎𝑎𝑠𝑠𝑜𝑐  

𝜀𝐴𝑖𝐵𝑖

𝑘𝐵

 

𝜅𝐴𝑖𝐵𝑖  

ARD 

𝑘𝑖𝑗 

Activity coefficient 

Association attraction energy 

Association-energy parameter 

Association-volume parameter 

Average relative deviation 

Binary interaction parameter 



 

 

xx 
 

𝑎𝐶𝑜𝑢𝑙𝑜𝑚𝑏  

α, β, γ 

𝑎𝑑𝑖𝑠𝑝  

𝑢𝑖

𝑘𝐵

 

ui 

uj 

K, K1, K2 

𝑎ℎ𝑐  

∆hydH 

pI 

R2 

 

∆ℎ0i
SL 

𝑇0i
SL 

N 

mseg 

P 

ur 

SAA 

T 

𝜎𝑖 

 

∆𝑐p0i
SL (𝑇) 

 

𝑏𝑐p0i
L  (𝑏𝑐p0i

S ) 

𝑎𝑟𝑒𝑠  

𝑎𝑐p0i
L  (𝑎𝑐p0i

S )  

R 

u 

Coulomb attraction energy 

Different polymorphs 

Dispersion attraction energy 

Dispersion energy parameter 

Dispersive energy of component i 

Dispersive energy of component j 

Equilibrium constants 

Hard-chain attraction energy 

Hydration enthalpy 

Isoelectric point 

Measurements of how closely a curve 

matches the data that was generated 

Melting entalphy 

Melting temperature 

Number of association sites 

Number of segments 

Pressure 

Relative uncertainty 

Solubility of amino acid 

Temperature 

Temperature-independent segment diame-

ter of molecule i 

The difference between the heat capacities 

of the liquid state and the solid state  

The intercept of the liquid (solid) heat ca-

pacities 

The residual Helmholtz energy 

The slope of the liquid (solid) heat capaci-

ties 

The universal gas constant 

Uncertainty 



 

 

Chapter 1 – General Introduction 



2 
 

This chapter includes a general introduction to the amino acids (AAs), peptides, and salts 

that will be studied in this work. The chemical structures of the amino acids studied are 

shown in this chapter and the structures of all other amino acids mentioned  in this work are 

shown in Appendix A. A literature review on the solubility data related to aqueous mixtures 

of amino acids in the presence of electrolytes and also on the molecular dynamic simulations 

studies is also presented here. Besides, the solubility results of all the studied amino acids 

and peptides in pure water are given and a critical comparison with the literature was per-

formed.  

1.1. Amino acids, peptides and salts 

Proteins are complex polymeric molecules that are present in all living organisms’ cells. 

They consist of long polypeptide chains (quaternary structure), i.e., sequences of amino acids 

(the primary structure) bonded by peptide bonds that are the result of condensation reactions 

involving the amino terminus from one amino acid and the carboxylic terminus of another 

amino acid. Their folded tridimensional structures (secondary and tertiary structures) are 

stabilized by e.g., van der Waals contacts and sulfide hydrogen bonds within the same or 

between different polypeptide chains. Proteins may have multiple roles in living organisms, 

e.g., they can act as enzymes, hormones, antibodies, transporters, and muscle fibers, hence, 

being of utmost importance in many biochemical processes1. They require special attention 

because of their biological and pharmacological properties, helping to treat human diseases 

like diabetes, cancer, and hemophilia, among others2–5. Knowledge of their solubility is not 

only important to understand biochemical processes, but also to bioprocesses where they are 

used or produced, such as extraction, drying, crystallization or precipitation usually applied 

to separate and purify proteins2,6. Factors such as pH, ionic strength, temperature, and addi-

tives can change the solubility of proteins,2,7–10 and it has been noticed that the concentration 

and chemical characteristics of ions present can introduce multiple and significant effects 

that still need to be better and more deeply understood 2,8,9,11–17. It should be noted that among 

more than 300 AAs present in nature, only the L-enantiomers of just 20 common α-amino 

acids are normally incorporated in proteins1 (Figure 1. 1), in many different combinations 

and sequences, leading to tridimensional structures having different properties and activi-

ties18.  
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Figure 1. 1. General reaction of the synthesis of peptides1. 

Amino acids and small peptides can be used as model compounds (MC) to rationalize the 

salt effect on biomolecules solubility, aiming to provide insights into the behaviour of larger 

macromolecules. In this way, the direct study of the more complex protein/salt solutions is 

avoided, which has proven to be quite complex, and this option is also better from an ana-

lytical point of view. Some reasons for the complexity of the study of proteins in solution 

are their number, size, complex structure, global charge, and surface phenomena. 

All amino acids contain at least one amine (-NH2) and one carboxyl (-COOH) group, and a 

side chain (-R group) which is different for each amino acid. They can be divided in five 

classes, based on the properties of the R groups such as nonpolar, aliphatic; polar, uncharged; 

basic; acidic, and aromatic. Nonpolar aliphatic and aromatic groups are hydrophobic; polar, 

uncharged are more hydrophilic and positively (basic) or negatively (acid) charged groups 

are the most hydrophilic ones1,19. AAs have different biochemical properties, that vary with 

the different groups present in their side chains. 

The amino acids chosen in this work present different polarities. Glycine (Gly), L-leucine 

(Leu) and L, and DL-valine (Val) have nonpolar, hydrophobic groups; L-phenylalanine 

(Phe), L-tryptophan (Trp) and L-tyrosine (Tyr) have nonpolar, hydrophobic aromatic side 

chains; while L-aspartic acid (Asp) and L-glutamic acid (Glu) have a second hydrophilic 

carboxyl group1.  

These amino acids are common building blocks of several relevant proteins, as reviewed in 

Drauz et al.19: aspartic acid in edestin, hemoglobin, and barley globulin; glutamic acid in 

gliadin, zein, wheat gliadin, and maize zein; glycine in gelatin and silk fibroin; L-leucine in 

edestin, hemoglobin, serum proteins and maize zeins; L-valine in casein, beef sinew and 

beef aorta; L-phenylalanine in zein, egg albumin and serum albumin; tyrosine in fibrin, silk 

fibroin, and papain; and tryptophan in fibrin and egg lysozyme. Besides the fact that they 

are building blocks, glutamate (the ionic form of Glu) plays important roles in regulating 
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gene expression, cell signaling, antioxidative responses, and immunity, and additionally, 

with glutamine, and aspartate (the ionic form of Asp), these AAs are major metabolic fuels 

for the small intestine. Along with glycine, they also regulate neurological function. Among 

essential AAs, the most importance has been placed on Leu and Trp, which are functional 

AAs and regulate key metabolic pathways that are needed for maintenance, growth, repro-

duction and immunity. Leu activates mammalian target of rapamycin to stimulate protein 

synthesis and inhibit proteolysis and Trp modulates neurological and immunological func-

tions through multiple metabolites, including serotonin and melatonin18,20. 

The extension of solubility studies to peptides is a milestone in this project. In fact, to be 

able to take into account the interactions with the peptide bond is highly relevant, as very 

few experimental data and theoretical analyses are available for these compounds, and inter-

pretations from different researchers are very contradictory. In this work, the solubility stud-

ies of two peptides, taking the simplest amino acid - glycine to form peptides: glycylglycine 

or diglycine (Gly-Gly) and N-acetylglycine (NAGly) were carried out at different pH con-

ditions. Among all peptides, diglycine is the simplest peptide. The melting point of these 

white crystals is approximately 233 oC. Gly-Gly is used in the synthesis of more complex 

peptides. N-acetylglycine is a white powder with a melting point of 206 oC. It is a chemical 

and pharmaceutical intermediate used in many fields21–25, such as the pharmaceutical and 

biological fields and the agrochemical industry. This peptide is also used as the blocking 

agent of the N-terminus (amino-terminus) to prepare unnatural and unusual amino acids and 

their analogs to modify peptides. 

The chemical structures of the studied compounds are shown in Figure 1. 2. 
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Figure 1. 2. Chemical structures of the amino acids and peptides studied in this Thesis. 

As aqueous electrolyte solutions are the natural environment of many biomolecules, it is also 

important to improve the understanding of the behavior of those organic compounds in this 

environment. For example, to prepare L-aspartic acid the chemosynthesis method, enzymatic 

method, extraction method, and zymothechnics methods are used. The knowledge of the 

solubility of L-asp in these aqueous salt solutions is necessary to optimize the crystallization 

process. The presence of these co-solutes results in the salting-in or salting-out effect, and 

this happens due to a decrease and an increase in the activity coefficient of AAs with in-

creasing salt concentration26. The study of the aqueous solubility of the lower molecular 

weight amino acids in electrolyte solutions can provide important insights regarding the mo-

lecular-level interactions associated with the ion effects affecting the behavior of these bio-

molecules27. The selected ions in Figure 1. 3 were chosen from the Hofmeister series due to 

their biological relevance, while covering a wide range of aqueous solubility effects: ammo-

nium, potassium, sodium, magnesium and calcium cations; sulfate, chloride, nitrate, and thi-

ocyanate anions. 
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Weakly hydrated cations 

Strongly hydrated anions 

Strongly hydrated cations 

Weakly hydrated anions 
 

 

N(CH3)4
+ NH4

+ Cs+ Rb+ K+ Na+ Li+ Mg2+ Ca2+ 

 

SO4
2− HPO4

2− OAc− cit − OH− Cl− Br− NO3
− ClO3

− BF4
− I− ClO4

− SCN− PF6
− 

              

Salting-out (decrease of solubility) Salting-in (increase of solubility) 

Decreased denaturation of the protein Increased denaturation of the protein  

Increased stability of the protein Decreased stability of the protein  

Figure 1. 3. Cations and anions ordering in a Hofmeister series28. 

Metal ions play important roles in many cellular processes29. Metals, such as Na+, K+, Mg2+, 

and Ca2+ are demanding for the stability, proper folding, and functioning of RNA (ribonu-

cleic acid) and proteins30–33. Divalent metal cations such as Mn2+ and Zn2+ are important in 

many enzymatic reactions, Cu2+ and Fe2+ are essential ions of respiration and photosynthe-

sis34, Ca2+ cation has been used in the solubilization of myofibrillar proteins with relevance 

in the food industry35, and γ-glycine crystals produced from the aqueous solutions with Mg2+ 

cation showed to be effective in laser applications and fabrication of electro-optical de-

vices36. Additionally, it is well established the relevance of Zn2+, Mg2+, and Ca2+ to stabilize 

the structure of folded proteins and, in some cases, to fix a particular physiologically active 

conformation of the protein37. 

Sodium p-toluenesulfonate, or sodium p-tosylate (NaOTs, Figure 1. 4), studied in this work 

as a solvent additive is a hydrotrope that helps to increase the solubility of the solute in a 

given solvent. Hydrotropes are compounds that are used in the pharmaceutical industry, to 

increase the solubility of poorly soluble drugs. This solubility enhancement technique does 

not require chemical modification of hydrophobic drugs, use of organic solvents, or prepa-

ration of an emulsion system38. They improve the solubility by forming weak interaction 

with solute molecules39. Hydrotropes consist of both hydrophobic and hydrophilic groups 

and an important class are ionic organic salts. The ones with the larger hydrophobic part 

have more effect on the solubility, while the presence of the charge on the hydrophilic part 

is less significant38.  
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Figure 1. 4. Chemical structure of Sodium p-tosylate. 

1.2. Literature review 

1.2.1. Solubility data of amino acids 

An extensive literature review on the solubility of AAs in electrolyte solutions was carried 

out and is presented in Table 1. 1. The AAs and salts studied in this work are highlighted 

with blue and bold text font and their intersection represent the studied aqueous systems, 

while the numbers are the references that indicate the aqueous ternary systems already pub-

lished in the open literature. Table 1. 1 considers all the systems found in the literature with-

out establishing a quality check or analysis of their consistency. As can be observed, the 

most studied AAs were glycine /Gly), alanine (Ala), valine, and serine (Ser), and the salts 

NaCl (by far), KCl, Na2SO4, NaNO3 and KNO3. These are in the list of the salts selected by 

us which will allow to validate our methodology by direct comparison of the data and to 

perform a more extensive comparative analysis on the effect of each salt. Nevertheless, even 

if relevant data on AAs' solubility in aqueous electrolyte solutions can be found, the gaps are 

evident, particularly for amino acids with aromatic groups or presenting more than one 

amino or carboxylic group such as arginine (Arg) or L-aspartic acid, for example. It is also 

significant that anions in the Hofmeister series such as carbonate, perchlorate, and thiocya-

nate are very seldom included in this type of studies.  
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Table 1. 1. Literature review on salting effect on the AAs solubility in aqueous electrolyte solutions. 

Salts 
AAs* 

Nonpolar, aliphatic Polar, uncharged Basic Acidic Aromatic 

Gly Ala Pro Val Leu Ile Ser Thr Cys Gln Lys His Asp Glu Phe Tyr Trp 

LiCl    40  40            

Li2SO4    40  40            

NaF 41,42 41,42  42   41,42           

NaCl 43–51 46,49,52 
49, 

53 
46,49 

44,45,54

,55 
 46,52  56 57 56 57 26,57 57,58 55,59 

44,45, 

54,60 
60 

NaBr 42,61 42,61  42,61   42,61  56  56       

NaI 42,62 42,62  42   42,62           

NaNO3 49,63–66 49,63,67 
49, 

53 
49,63  68 

59,63, 

68 
       69   

Na2SO4 42,70–72 42,70–72  
42,71, 

72 
 73 42,73  56  56       

KF 41,42 41,42  42   41,42           

KCl 
46,49–

51,70,74,75 
46,49,52, 

70,74 
49, 
53 

46,49  74 
46,52, 

74 
74     26 58    

KBr 42,61,75 42,61  42,61   42,61           

KI 42 42  42   42  56  56       

KNO3 49,63,64 49,63,76 
49, 

53 
49,63  68 

63,68, 

76 
          

KCH3COO 75                 

K2SO4 42,77 40,42,77  40,42  
40, 

73 

42,73, 

77 
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Salts 
AAs* 

Nonpolar, aliphatic Polar, uncharged  Basic Acidic Aromatic 

Gly Ala Pro Val Leu Ile Ser Thr Cys Gln Lys His Asp Glu Phe Tyr Trp 

NH4Cl 66,78 79  79  79            

NH4NO3 66                 

(NH4)2SO4 6,49,66 6,49 49 49,79  6 6 6          

MgCl2 47,80 79  79  79             

MgSO4  79  79  79            

CaCl2  42 40,42  40,42  40 42  56  56        

BaCl2 42 42  42   42            

NiCl2                 81 

CuCl2     81          81  81 

ZnCl2                 81 

AlCl3    40  40            

Al2(SO4)3    40  40             

*Glycine (Gly); Alanine (Ala); Proline (Pro); Valine (Val); Leucine (Leu); Isoleucine (Ile); Serine (Ser); Threonine (Thr); C ysteine (Cys); Glutamine (Gln); Lysine (Lys);  

Histidine (His); Aspartic acid (Asp); Glutamic acid (Glu); Phenylalanine (Phe); Tyrosine (Tyr); Tryptophan (Trp). Cell colour: orange – salting-in effect; blue – salting-out 

effect; yellow – both salting-in and salting-out effects in the whole concentration range; grey – contradictory results reported in the literature.
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Due to the large amount of solubility data of glycine in aqueous electrolyte solutions, a sum-

mary of the experimental data found is presented separately in Table 1. 2. 

Table 1. 2. Summary of the solubility data of glycine in aqueous electrolyte solutions pub-

lished in the literature. 
Amino acid Salt T range/K Salt concentration range Reference 

 NaCl 298.15 0 to 200 g/L 43 

 

NaCl 298.15 

0, 1 and 3 mol/dm3 of so-

lution 

44 

NaCl 298 0 to 3 mol/dm3 of solution 45 

NaCl; KCl 298.2 to 343.2 

0 to 6; 0 to 4 mol/kg of 

H2O 

51 

KCl;  

Na2SO4 

298.15 

0 to 2; 

0 to 1.5 mol/kg of H2O 

70 

KCl 323.15 0 to 2 mol/kg of H2O 74 

(NH4)2SO4 298.15, 323.15 0 to 2 mol/kg of H2O 6 

NaCl, KCl 298.2 0 to 1.5 mol/kg of H2O 46 

NaNO3, KNO3 298.2 0 to 1.5 mol/kg of H2O 63 

MgCl2; 

MgCl2+NaCl 

283.15 to 333.15; 

283.15 to 343.15 

0 to 3.5; 

0.5, 1, 1.5+0.15 to 2.5 

mol/kg 

47 

HCl+ MgCl2 283.15 to 343.15 
0.5 to 1 + 0.25, 0.5 and 

0.75 mol/kg 
80 

C2H5OH+NaCl; 

C3H8O+NaCl 
283.15 to 333.15 

0 to 0.1876 mol/mol of 

solution + 0.5, 1 and 2 

mol/kg of H2O;  

0 to 0.0640 mol/mol of 

solution + 0.5 mol/kg of 

H2O 

48 
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NaBr; KBr 298.15 0 to 2.5 mol/kg of H2O 
 

61 

NaCl, KCl; 

NaNO3, KNO3, 

(NH4)2SO4 

298.15 
0, 1 and 3.01; 

0, 1 and 3 mol/kg of H2O 
49 

NaCl, KCl 288.15 to 308.15 0 to 5 mol/kg of H2O 50 

NaNO3, KNO3 288.15 to 308.15 0 to 3 mol/kg of H2O 64 

NaF, KF 298.15 0 to 1.5 mol/kg of H2O 41 

Na2SO4 298.15, 323.15 0 to 1.5 mol/kg of H2O 71 

NaNO3 288.15 to 308.15 0 to 4 mol/kg of H2O 65 

 K2SO4 298.15 0 to 0.65 mol/kg of H2O 77 

 
KCl, KBr and 

CH3COOK 
298.15 0 to 4 mol/kg of solution 75 

 

NaF, KF, NaBr, 

KBr, NaI, KI, 

Na2SO4, K2SO4, 

CaCl2, BaCl2 

298.15 0 to 1 mol/kg of H2O 42 

 NaI 298.15 0 to 2.5 mol/kg of H2O 62 

 Na2SO4 288.15 to 308.15 0 to 1.5 mol/kg of H2O 72 

 NH4Cl 283.2 to 353.2 
0 to 14.7885 mol/kg of 

H2O 
78 

α-glycine 

NaNO3, 

NH4NO3, 

(NH4)2SO4, 

NH4Cl 

293.15 to 343.15 0 to 10% (m salt/mwater) 66 

A complete literature review on the solubility of aspartic acid, glutamic acid, tyrosine, tryp-

tophan, leucine, phenylalanine and valine was also carried out. The experimental data are 

summarized in Table 1.3. 
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.Table 1. 3. Summary of the solubility data of aspartic acid, glutamic acid, tyrosine, trypto-

phan, leucine, phenylalanine and valine in aqueous electrolyte solutions, found in the litera-

ture. 

Amino acid Salt T range/K 
Salt concentration 

range 
References 

D-aspartic acid; 

L-aspartic acid 

NaCl, KCl; 

KCl 

292.8 to 344.10; 

292.9 to 338.19 

0 to 1.8251, 0 to 

1.4360;  

0 to 3.0446 mol/kg of 

solution 

26 

L-aspartic acid; L-

glutamic acid 
NaCl 298.15 

0 to 5.556; 

 0.001 to 5.246 mol/kg 

of H2O 

57 

L-glutamic acid NaCl, KCl 298.15 to 323.15 0 to 3 mol/kg of H2O 58 

DL-tyrosine;  

DL-tryptophan 
NaCl 298.15 

0 to 4.999; 

0 to 5.005 mol/L of 

solution 

60 

L-tyrosine, L-leu-

cine 
NaCl 298.15 

0, 1 and 3 mol/dm3 of 

solution 
44 

L-tyrosine, L-leu-

cine 
NaCl 298 

0 to 3 mol/dm3 of solu-

tion 
45 

L-tyrosine, L-leu-

cine 
NaCl 298.15 0 to 3 mol/kg of H2O 54 

tryptophan*; 

phenylalanine*, 

leucine* 

CuCl2, ZnCl2, 

NiCl2; 

CuCl2 

Room T 

0 to 0.5; 

0 and 0.5 mol/L of so-

lution 

81 

DL-phenylalanine NaNO3 298.15 0 to 0.5 mol/kg of H2O 69 

DL-phenylalanine NaCl 288.15 to 308.15 0 to 6 mol/kg of H2O 59 

L-phenylalanine; 

L-leucine 
NaCl 298.15 

0.101 to 3.130; 

0.056 to 5.035 mol/kg 

of H2O 

55 

L-valine 

K2SO4;  

CaCl2; 

LiCl; 

Li2SO4; 

AlCl3; 

Al2(SO4)3 

298.15 

0 to 0.5; 

0 to 2; 

0 to 2; 

0 and 1; 

0 and 0.5; 

40 
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0 and 0.5 mol/kg of 

H2O 

DL-valine 

NaF, KF, NaBr, 

KBr, NaI, KI, 

Na2SO4, K2SO4, 

CaCl2, BaCl2 

298.15 0 to 1 mol/kg of H2O 42 

DL-valine NaCl, KCl 298.2 0 to 1.5 mol/kg of H2O 46 

L-valine 

NaCl, KCl; 

NaNO3, KNO3, 

(NH4)2SO4 

298.15 
0 to 3.01; 

0 to 3 mol/kg of H2O 
49 

DL-valine NaBr, KBr 298.15 0 to 2.5 mol/kg of H2O 61 

DL-valine NaNO3, KNO3 298.2 0 to 1.5 mol/kg of H2O 63 

DL-valine Na2SO4 298.15, 323.15 0 to 1.5 mol/kg of H2O 71 

DL-valine Na2SO4 288.15 to 308.15 0 to 1.5 mol/kg of H2O 72 

L-valine 

NH4Cl, 

(NH4)2SO4, 

MgCl2, MgSO4 

298.15 0 to 2 mol/kg of H2O 79 

*isomer not specified. 

In Table 1. 4 a literature review on the solubility of amino acids not experimentally studied 

in this work is presented, considering only publications since 2014. Even though the salt 

concentration studied in some works reaches 6 mol/kg, usually the range is 0-3 mol/kg, and 

the measurements are mainly performed at 298 K. 

Table 1. 4. Summary of the salt effect on the solubility data of amino acids not studied in 

this work. Data published in the literature since 2014. 

Amino acid Salt T range/K 
Salt concentration 

range 
References 

L-isoleucine, L-ser-

ine 

Na2SO4, 

K2SO4 
288.15 to 308.15 

0 to 2.5 mol/kg of 

H2O 
73 

L-isoleucine, L-ser-

ine 

NaNO3, 

KNO3 
288.15 to 308.15 

0 to 2.5 mol/kg of 

H2O 
68 

L-lysine, L-cysteine 

NaBr, NaCl,  

KI, Na2SO4, 

CaCl2 

298.15 
0 to 1 mol/kg of 

H2O 
56 

DL-alanine, DL-ser-

ine 
NaBr, KBr 298.15 

0 to 2.5 mol/kg of 

H2O 
61 
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L-alanine, L-proline 

NaCl, KCl; 

NaNO3, 

KNO3, 

(NH4)2SO4 

298.15 

0, 1 and 3.01;  

0, 1 and 3 mol/kg of 

solution 

49 

DL-alanine NaNO3 288.15 to 308.15 
0 to 5 mol/kg of 

H2O 
67 

DL-alanine, DL-ser-

ine 
KNO3 298.15 

0 to 3 mol/kg of 

H2O 
76 

DL-alanine, DL-nor-

valine, DL-serine 
NaF, KF 298.15 

0 to 1.5 mol/kg of 

H2O 
41 

DL-α-aminobutyric 

acid 
KCl 288.15 to 308.15 

0 to 3.7 mol/kg of 

H2O 
82 

DL-serine NaNO3 288.15 to 308.15 
0 to 6 mol/kg of 

H2O 
59 

L-cystine NaCl 298.15 
0 to 3 mol/kg of 

H2O 
54 

L-proline 
NaCl, NaNO3, 

KCl, KNO3 
288.15 to 308.15 

0 to 3 mol/kg of 

H2O 
53 

DL-nor-valine 
NaNO3, 

KNO3 
288.15 to 308.15 

0 to 3 mol/kg of 

H2O 
64 

DL-alanine Na2SO4 298.15 to 323.15 
0 to 1.5 mol/kg of 

H2O 
71 

DL-alanine; 

 L-isoleucine, L-va-

line 

K2SO4, CaCl2; 

K2SO4, CaCl2, 

LiCl, Li2SO4, 

AlCl3, 

Al2(SO4)3 

298.15 
0 to 0.5; 0 to 2; 1; 

0.5 mol/kg of H2O 
40 

DL-alanine, DL-ser-

ine 
NaCl, KCl  288.15 to 308.15 

0 to 3.5 mol/kg of 

H2O 
52 

DL-nor-valine NaCl; KCl 288.15 to 308.15 
0 to 4.8 mol/kg of 

H2O 
83 

DL-α-amino butyric 

acid 
NaNO3 288.15 to 308.15 

0 to 5 mol/kg of 

H2O 
84 

L-glutamine; 

L-histidine 
NaCl 298.15 

0 to 5.6; 

0 to 5.606 mol/kg of 

H2O 

57 

DL-alanine, DL-nor-

valine, DL-serine 
NaI 298.15 

0 to 2.5 mol/kg of 

H2O 
62 

DL-alanine, DL-nor-

valine, DL-serine 
K2SO4 298.15 

0 to 0.65 mol/kg of 

H2O 
77 

For all amino acids, their solubilities in pure water at 298.2 K were already reported by 

several authors, as collected in Table 1. 5. It should be mentioned that, in many cases, the 
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solid phase structure was not registered. Rowland et al.85 made a summary of literature 

sources for solubility measurements of α-glycine in water. The minimum solubility value 

found was around 248 g/1000 g of H2O. As glycine, studied in this work, in all aqueous 

solutions crystallized only in the hexagonal crystal system, the γ-form (section 3.5), values 

higher than 248 g/1000 g of H2O41,42,46,49,50,61–63,65,72,75,86–91 were not included in Table 1. 5. 

Nevertheless, the literature average and standard deviation were calculated for comparison 

purposes and are also reported in Table 1. 5.  

Table 1. 5. Summary of the literature solubility data of the amino acids studied in this work 

in pure water at 298.2 K. 

Amino acid 
Solubility of AAs/ 

g of AA/1000 g of H2O 
Reference 

Literature average ± standard 

deviation  

AAs/ 

g of AA/1000 g of H2O 

Glycine 

234.350 92 

236.7 ± 3.6 
235.700 70 

234.894 93 

242.026 78 

L-leucine 

21.774 90 

22.4 ± 1.1 

24.260 88 

21.600 87 

21.800 91 

23.243 44 

21.520 94 

L-phenylalanine 

28.000 91 

28.4 ± 0.9 
29.700* 81 

27.800 93 

27.900 87 

L-tryptophan 

13.800 95 

13.5 ± 1.21 

12.800 87 

12.900 96 

11.730 97 

15.600 98 

13.800 91 

13.993 99 

L-tyrosine 

0.451 95 

0.47 ± 0.11 

0.453 88 

0.475 87 

0.502 100 

0.352 97 

0.600 99 

0.479 86 

0.362 44 

L-aspartic acid 

5.235 26 

5.2 ± 0.33 

5.000 88 

5.393 86 

4.950 101 

4.992 102 

5.744 57 

5.090 91 

4.925 103 

5.733 99 
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L-glutamic acid 

8.500 104 

8.9 ± 0.77 

8.683 105 

8.610 101 

8.543 106 

10.800  91 

8.700 103 

8.578 107 

8.622 58 

9.072 57 

8.878 99 

9.071 97 

L-valine 

58.400 91 

58.4 ± 0.33 

58.458 90 

57.893 40 

58.576 49 

58.449 79 

DL-valine 

79.311 71 

75.6 ± 6.6 

70.876 42 

88.100 72 

74.410 86 

70.900 88 

70.200 46 

80.834 61 

70.291 63 

*isomer not specified. 

1.2.2. Solubility data of peptides 

For peptides, the amount of available solubility data is much less. The review summarized 

in Table 1. 6 covers all the collected information. 

Table 1. 6. Summary of the salt effect on the solubility of peptides published in the literature.  

Peptide Salt  T range/K 
Salt concentration 

range 
References 

Diglycine  

Glycyl-L-alanine 

NaCl; Na2SO4 and 

(NH4)2SO4 
298.15 

0.1 to 6, 0.1 to 1.0241 

and 0.1 to 1.0652 

mol/kg of H2O 

108 

Diglycine  

Triglycine 

 

NaCl 

 

298.15 0 to 200 g/L 43 

Diglycine 

N-acetylglycine 

(NH4)2SO4; 

MgSO4; K2SO4; 

Na2SO4; CaCl2; 

MgCl2; NH4Cl; KCl 

and NaCl  

298.15 0 to 2 mol/kg of H2O 109 

Diglycine  

Triglycine  

Tetraglycine  

Cyclic diglycine 

KCl; KBr and 

CH3COOK 
298.15 

0 to 4 mol/kg of solu-

tion 
75 

Diglycine 

Triglycine 
CH6ClN3 298.25 0 to 6 mol/L 87 
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Diglycine NaNO3  
288.15-

308.15 
1 to 4 mol/kg of H2O 65 

 Proline-Leucine NaCl 
288.15-

313.15 

0 to 1.0234 mol/kg of 

H2O 
110 

Tryptophan-Phenylala-

nine; 

Phenylalanine-Phenylal-

anine; 

Tryptophan-Alanine-

Phenylalanine 

CuCl2 room T 0 and 0.5 mol/L  81 

To find solubility data of peptides in aqueous salt solutions is more difficult as they are more 

complex molecules and less commercially available. Diglycine is the most studied peptide 

and will be also studied in this work. Most studies were performed at 298.15 K, but in two 

works65,110, it was extended from 288.15 to 313.15 K. The most studied salt concentration 

range is 0-2 mol/kg.  

For Gly-Gly and NAGly the solubilities in pure water at 298.2 K are collected in Table 1. 

7.  

Table 1. 7. Summary of the literature solubility data of the peptides studied in this work in 

pure water at 298.2 K. 

Amino acid 
Solubility of AAs/ 

g of AA/1000 g of H2O 
Reference 

Literature average ± standard 

deviation 

AAs/ 

g of AA/1000 g of H2O 

Diglycine 

227.500 75 

228.6 ± 2.6 

226.600 87 

228.000 111 

226.700 65 

233.000 95 

227.500 112,113 

229.889 108 

226.700 114 

233.192 115 

226.994 116 

N-acetylglycine 
41.676 117 

41.5 ± 0.22 
41.400 111 

 

To understand the effect of the different salts on the solubility of diglycine, data from dif-

ferent sources are compiled in Figure 1. 5. As can be seen in Figure 1. 5, with exception of 

potassium acetate (CH3COOK) all the salts induce a salting-in effect on the solubility of 

diglycine, in the decreasing order (evaluated at 1 molal): CaCl2 > MgCl2 > MgSO4 > 

(NH4)2SO4 > Na2SO4 > NaNO3 > NaCl > NH4Cl > NaNO3 > KBr > KCl. Salts with strongly 

hydrated polyvalent cations such as Ca2+ and Mg2+ show a high salting-in effect which is in 
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accordance with the Hofmeister series. Due to high charge density they are able to form 

complexes with diglycine, thus promoting a significant increase in its solubility34. As shown 

before, divalent cations present strong interactions with the COO- groups and do not estab-

lish important interactions with the hydrophobic parts of the amino acids40. The monovalent 

cation salts with the chloride anion (NH4Cl, NaCl and KCl) show almost the same salting-

in effect. Monovalent cations with the sulfate anion such as (NH4)2SO4, K2SO4, and Na2SO4 

also show similar effects on the solubility of diglycine at low molalities. The relative solu-

bility (ratio between the solubility of AA, expressed as the mass of the amino acid in 1 kg of 

water, in aqueous salt solutions to that in pure water, S/S0) of diglycine in aqueous MgSO4 

solutions, however, is always the highest. For 2 molal salt concentration, the relative solu-

bility follows the order MgSO4 > (NH4)2SO4 > Na2SO4. The Na2SO4 salt109 induces a salting-

out effect only when the molality is higher than 1, what happens probably because of the 

presence of salting-out sulfate anion that can contribute to change the solubility effect79. At 

higher molalities (up to 4 molal), there are only data for a few salts: a higher salting-in effect 

is obtained with NaNO3, followed by KBr. Finally, CH3COOK induces a salting-out effect 

in the whole molality range studied. When the effect of salts with the same cations was 

compared, the MgCl showed higher salting-in effect than MgSO4 what follows the order in 

Hofmeister series for proteins. The salts with ammonium cation showed the opposite result. 

The salting-in effects of Na2SO4 and NaCl were similar. As the Cl- and Br- anions are next 

to each other in the Hofmeister series these anions with potassium cation also showed very 

close results. The only anion which showed the salting-out effect with potassium cation was 

acetate which is one the first in the list of strong salting-out anions in the Hofmeister series. 



 

 

19 

 

 

Figure 1. 5. Relative solubility of diglycine in aqueous saline solutions, at 298.2 K: □, 

CaCl2109; □, MgCl2109; □, NH4Cl109; ■, KCl109; □, KCl75; ■, NaCl109; □, NaCl108; △, 
MgSO4

109; ▲, (NH4)2SO4
109; △, (NH4)2SO4

108; △, K2SO4
109; ▲, Na2SO4

109; △, Na2SO4
108; 

◇, KBr75; +, CH3COOK75; ○, NaNO3
65. Lines are guide to the eyes. 
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Venkatesu et al.75 studied the solubility of glycine peptides with different chain structures: 

glycine, diglycine, triglycine, tetraglycine and cyclic diglycine. As expected, the solubilities 

of the glycine peptides in pure water decrease from Gly (25.09 g/100 g H2O) to tetraglycine 

(0.395 g/100 g H2O). When considering the effect of the studied salts (KCl, KBr and 

CH3COOK), for a given salt molality, the relative solubility increases from Gly to tetragly-

cine, even though the difference between glycine and diglycine is very small (Figure 1. 6). 

In the Hofmeister series for proteins (Figure 1. 3) the anions are in the following decreasing 

order of salting-out effect: CH3COO- > Cl- > Br-. The halogens have similar effects on the 

solubility of peptides. As all these anions are in the area of salting out and the salts provoke 

salting-in effect, perhaps the potassium cation interacts with the peptide bond, probably with 

the carbonyl (C=O) group.  

 

Figure 1. 6. Relative solubility of △, glycine; △, diglycine; ◇, triglycine; □, tetraglycine 

and ◇, cyclic diglycine in aqueous a) KCl; b) KBr; c) KCH3COO solutions at 298.2 K. Data 

from Venkatesu et al.75. 

In all cases, a salting-in effect is observed except for CH3COOK that induces a salting-out 

effect in glycine and diglycine. Cyclic diglycine is the cyclic dimer of glycine and has the 

structural formula shown in Figure 1. 7. As can be seen, it contains only two carbonyl groups 

and, thus, no end charge effects, and hydrogen bonding occur between peptide linkages. This 
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structure makes cyclic diglycine a good model compound for hydrogen bonding which takes 

place within the peptide backbone of a protein. The absence on this cyclic peptide of charged 

end groups may explain its low solubility. The relative solubility follows a similar trend to 

Gly and diglycine in KCl and KCH3COO solutions, but a higher salting-in is induced by 

KBr solutions. 

 

Figure 1. 7. Chemical structure of cyclic diglycine. 

The diversity of peptides that can be formed by combining different amino acids units is 

immense, but, as mentioned before, almost no information can be found on the effect of salts 

on the solubility of peptides, even for dipeptides. A rare example can be found in Figure 1. 

8. 

 

Figure 1. 8. Relative solubility of △, diglycine108; ▲, diglycine109, and ○, glycyl-L-ala-

nine108 in aqueous a) NaCl, b) Na2SO4, c) (NH4)2SO4 solutions at 298.15 K. 

By comparing the solubility data of diglycine (Gly-Gly) and glycyl-L-alanine (Gly-Ala), the 

effect of the additional methyl group in Gly-L-Ala can be analysed. As can be seen, the 
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relative solubility of Gly-L-Ala is lower than diglycine in the studied systems. In all cases, 

the relative solubility of diglycine increases until salt concentration up to 1 molal, with sim-

ilar magnitude for the three salts. After, when the concentration of Na2SO4 is 2 molal, the 

relative solubility of diglycine decreases109. For this peptide, the data from two different 

sources are consistent. On the other hand, for Gly-L-Ala, a small salting-in effect is observed 

at very low salt molalities, followed by a salting-out with increasing salt concentration. It is 

important to highlight here that one of the most relevant salting-out salts for proteins (am-

monium sulfate) presents here a similar or even lower salting-out effect when compared with 

sodium chloride or sodium sulfate.  

At saturation, as the salt concentration increases, the activity coefficient of glycine decreases 

which explains the salting-in effect118. On the other hand, the activity coefficient of glycyl-

L-alanine moderately increases, and a salting-out effect is induced. Breil et al.108 reported 

that due to an experimental error, the solubility values of glycyl-L-alanine in aqueous NaCl 

solution in the range of 2-5 molal were not considered.  

1.2.3. Effect of pH on the solubility  

The impact of the pH on the solubility of amino acids in water is very important. The pH of 

the environment affects the net charge of the molecule. The pH at which an amino acid, 

peptide or protein has a net charge equal to zero, in other words, where is equivalence be-

tween the positive and negative charges, is called the isoelectric point (pI)119. The solubility 

of proteins depends on a balance between the different interactions between proteins and the 

surrounding environment, being influenced by the composition of the medium120.  

When an amino acid dissolves in water at a pH close to the pI of the molecule, it turns into 

zwitterion, a molecular form that contains an equal number of positive and negative charges:  

           
NH

2
RCOOH (s)

K

NH
3
+RCOO- (aq)

     (1.1) 

In acidic media the reversible acid-base reaction shifts from right to left (eq. 1.2) and the 

zwitterion accepts a proton and becomes positively charged: 

                                           
NH

3
+RCOOH 

K1

H+ + NH
3
+RCOO-

                          (1.2) 
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In alkaline media, the zwitterion donates a proton and becomes negatively charged, due to 

the ionization of the amino group: 

                                          
NH

3
+RCOO- 

K2

H+ + NH
2
RCOO-

                               (1.3) 

K1 and K2 are the acid-base equilibrium constants of the two dissociation reactions119, while 

K is a physical equilibrium constant related the solubilization process.  

One of the first studies in the topic was on the solubility of tyrosine in aqueous HCl/NaOH 

solution121. The pH varied from 1.45 to 9.95. The lowest solubility was found at isoelectric 

point where pH varies between 5.1 and 5.5.  The addition of acid increased the solubility and 

the highest solubility found was 6.3 times higher than at the isoelectric point, at pH 1.45, 

while the addition of base increased the solubility 13.7 times, at pH 9.95. 

In 1971 Needham et al.122 studied the pH effect on the solubility of glycine, L-alanine, L-

valine, L-phenylalanine, and DL-aminooctanoic acid in pure water and in pure methanol at 

298.15 K in the pH range between 2 and 10. The solubilities were measured using the shake 

flask method with further gravimetric analysis. At all pHs the solubility in water was in-

versely proportional to the size of the apolar part of the amino amino acids. Thus, the aque-

ous solubility followed the order: glycine > L-alanine > L-valine > L-phenylalanine. A low 

non-aqueous solubility was explained by a dominance of the charged α-amino carboxylic 

acid portion of the molecule. In both solvents the addition of either acid or base increased 

the solubility of the amino acids. In methanol it was observed a greater divergence from the 

isoelectric pH than in water. 

In 1989 Zumstein and Rousseau123 measured the solubility of L-isoleucine in aqueous HCl 

solution using high-performance liquid chromatography (HPLC) as analytical technique. It 

was found that when the concentration of acid was low, the total solubility of the amino acid 

was controlled by the zwitterionic form. Moreover, the solubility increased with the addition 

of acid as more of the soluble acidic form of L-isoleucine was formed by the chemical equi-

librium shift. At very high HCl concentrations L-ile·HCl·H2O was precipitated, and a salt-

ing-out effect was identified. The effect of the addition of NaCl, KCl and NH4Cl at the sol-

ubility peak was checked in the same work. NaCl reduced the solubility of amino acid, like 

HCl, while KCl and NH4Cl did not lead to much of a reduction in solubility. To get greater 
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yields, the authors advised to use NaCl instead of HCl as a precipitant for the recovery of L-

ile from fermentation broths, because of the absence of additional liquid solvent. Following, 

Gatewood and Rousseau124 studied the effect of NaOH on the solubilities of L-isoleucine, 

L-leucine, and L-valine at 298.15 K in the pH range 6.38 – 13.47. The solubilities of L-

isoleucine and L-valine were also calculated by the Henderson-Hasselbalch equation at pHs 

15.11 – 15.30, because of a negative interaction between the pH meter and sodium ions in 

solution at these high pH values. Increasing pH the solubilities of the amino acids were also 

increasing, but when the pH was higher than 12 the solubilities decreased. The reason of this 

decrease is again the formation of a new solid-phase sodium salt, Na·L-ile·1/2H2O. 

In the work of Carta and Tola44,45 the solubility of different amino acids in water at various 

pHs and NaCl concentrations was studied at 298.15 K. Chemical analysis were carried out 

using spectrophotometric analyses and by determining the mass of the residue obtained by 

evaporating known volumes of the samples. The solubilities are given in mol/dm3 of solu-

tion, which is not the best for modeling purposes. The addition of salt increased the solubility 

of L-cystine but decreased the solubilities of L-tyrosine and L-leucine. The addition of NaCl 

did not significantly affect the solubility of glycine. The size of the constant band around the 

isoelectric point is very similar for all the studied AAs.  

In 1998 Pradhan and Vera125 studied the effect of NaOH/HCl or KOH/HNO3 on the solubil-

ity of glycine, DL-alanine, DL-valine and DL-serine at 298.2 K. The pH varied from 2 to 10 

and the solubility was measured by gravimetry. It was shown that in this pH range, there is 

an increase in the solubility, but the impact on the solubility of DL-alanine is much smaller 

at higher concentrations of the acids or the bases.  

Fuchs et al.126 studied the solubility of DL-methionine (DL-met) in pure water as well as in 

aqueous electrolyte solutions at 303, 318 and 333 K in the pH range 1.5–9.5 by gravimetric 

measurements. For this HCl and NaOH were used. The solubility of the amino acids in-

creased with adding acid/base and with increasing temperature. In 2009, the solubilities of 

DL-alanine, L-leucine, L-isoleucine, L-serine and DL-phenylalanine in water at 298.15 K 

were measured and quantified by ninhydrin assay with a colorimetric method 119. The pH 

was controlled by adding HCl or NaOH, changing from 2 to 10. The solubility was mostly 

affected by the variation of pH for the DL-alanine, L-leucine, L-isoleucine and L-serine. The 

solubility of these amino acids increased as the pH deviated from the isoelectric point. 
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The solubility of glycine and its oligopeptides was studied at various pH in water, an aqueous 

solution of ethanol, NaCl, or PEG 600 by Lu et al.43. Moving from the isoelectric point 

increases the solubility, while the addition of cosolvents affects differently the solubility. 

The addition of ethanol and PEG 600 generally decreases the solubility of glycine and its 

oligopeptides, but the addition of NaCl increases the solubilities of diglycine and triglycine.  

The effect of pH (from 2 to 10) on the solubilities of L-asparagine, L-glutamine, L-tyrosine, 

L-aspartic acid, and L-glutamic acid in water at 298.2 K was studied in the work of Lee et 

al.103. To reach the needed pH deionized water was mixed with HCl or NaOH and the ternary 

solution was prepared by adding a small excess of AA. The solubility in water studied by 

ninhydrin assay using a calorimetric method, followed the order: L-gln > L-asn > L-glu > L-

asp > L-tyr, and the solubility of AAs was found the lowest at the isoelectric point. 

In the work by Franco et al.127 a new model to describe the solubility of amino acids and 

peptides as a function of pH was successfully applied. The model combines chemical and 

physical equilibrium, being the activity coefficients are calculated by an extended Pitzer 

model. The calculated data was compared with the experimental solubility data collected 

from the literature for DL-alanine, L-leucine, L-isoleucine, L-serine, L-tyrosine, DL-phe-

nylalanine, glycine and its oligopeptides at 298.2 K, and for DL-methionine at 303 K. 

The influence of the pH and ionic liquids (IL) on the solubility of L-alanine and L-glutamic 

acid was also studied by Voges et al.128, with measurements carried out at 303.2 K and using 

UV spectroscopy combined with gravimetry as analytical techniques. Additionally, PC-

SAFT was applied to represent the solubility. The calculated solubility was found constant 

between pH 4 and 8 and increased just when pH was higher or lower. On the other hand, the 

calculated solubility of L-glutamic acid was in an agreement with the experimental data up 

to pH 6.2. While the calculated solubility of L-glutamic acid was monotonically increasing 

with increasing pH, the experimental solubility was constant between pH 6.2 and 8.2 and 

increased when pH was higher than 8.2. At pH 6.2 the solid phase changed from L-glutamic 

acid to L-glutamate monohydrate.  

The solubility data of DL-alanine, L-valine, L-isoleucine, and L-leucine as a function of pH 

were found in different works. The data found for DL-alanine, L-valine, and L-isoleucine 

were similar.  The consistency of the data between different sources can be observed in Fig-

ure 1. 9 for DL-alanine. However, the data found for L-leucine in the work of Tseng et al.119 
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was different from the results of Gatewood and Rousseau124. Although the solubility of L-

alanine was similar to the solubility of DL-alanine at high pHs, the data found at the isoe-

lectric point and low pHs showed lower solubility of L-alanine than DL-alanine. The differ-

ence can be also verified in the case of phenylalanine over the whole pH range, where the L 

isomer shows higher solubility than DL-phenylalanine with a greater divergence from the 

isoelectric point. 

 

Figure 1. 9. Solubility of ●, DL-alanine 125; ○, DL-alanine 119; △, L-alanine 122 in water as 

function of pH at 298.2 K. 

1.2.4. Molecular dynamics 

The molecular dynamics (MD) simulation method is a very useful tool to understand the 

molecular-level mechanisms related to the interactions in condensed phase systems as in 

aqueous solutions of salts and amino acids or peptides. Despite all efforts, the effect of the 

nature and concentration of ions has not yet been well explained which hinders the under-

standing of many biochemical processes, including biochemical disorders related with hu-

man diseases3–5,19. After many studies, different effects of ions with different charges on the 

AA solubility were observed, some of which follow the Hofmeister series. In a series of 

recent papers27,40,79, the effect of different salts on the solubility of alanine, valine, isoleucine, 

2-aminodecanoic acid (Ada) was studied and molecular dynamics simulations were per-

formed to assist the interpretation of the experimental data. The chemical structures of these 

amino acids are shown in Figure 1. 10. 
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Figure 1. 10. Structure and atom labelling of a) alanine (Ala), b) valine (Val), c) isoleucine 

(Ile) and d) 2-aminodecanoic acid (Ada). 

In all these works, molecular dynamics studies were carried out for the zwitterionic forms 

(pH = 7) of amino acids, using the GROMACS computer code. The isothermal-isobaric con-

ditions were fixed for the simulations, at T = 298.15 K and p = 1 bar. The Lennard-Jones 

potential model was used to calculate the intermolecular interaction energy between pairs of 

neighboring atoms, while the point-charge Coulomb potential model was used for the elec-

trostatic interactions. Radial distribution functions (RDFs) were calculated for selected ions 

around a particular group of the studied amino acids. Tomé et al.27 performed MD simula-

tions for alanine, valine, isoleucine and 2-aminodecanoic acid in aqueous NaCl, KCl, 

NaNO3, NaClO4 and Na2SO4 solutions. A small but noticeable decrease of the intensity of 

the RDF peak of the water oxygens around the terminal carbon atom was observed from 

Na2SO4 to NaCl/NaNO3 to NaClO4. This means the amino acids were more solvated by 

water in the presence of the sulfate anion, than in the presence of perchlorate, that induces a 

salting-in effect. The calculated RDFs show that the divalent sulfate ion interacts with the 

positively charged group of amino acids; a salting-in effect was observed for small amino 

acids like glycine, but a salting-out effect was found for amino acids with large nonpolar 

side chains. Interestingly, ClO4
‾ is able to bind the nonpolar part of amino acids with large 

nonpolar moieties and show salting-in effect. The NO3
‾ and Cl‾ anions do not change signif-

icantly the solubility of amino acids, but the first interacts with the apolar part and increases 

the solubility more noticeable if the nonpolar group is large, while the second shows a slight 

salting-out effect as it does not interact with apolar parts. To see the effect of salt concentra-

tion on the solubility of amino acids, MD calculations were performed for alanine in aqueous 

KCl solution at three concentrations. The RDFs showed how the interaction of salt ions with 
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charged and nonpolar moieties of the amino acid decreased while the salt concentration in-

creases.  

The specific effects of cations can be found in another work by Tomé et al.79, in which results 

from MD simulations for alanine, valine and isoleucine in aqueous MgCl2, MgSO4, NH4Cl 

or (NH4)2SO4 solutions are reported. It was shown that sulfate anion induces a salting-out 

effect in all the studied amino acids regardless of the cations, as expected from the Hofmeis-

ter series for proteins. From the RDFs, it was observed that the peaks of NH4
+, Na+ and K+ 

around the terminal carbon atom of the amino acid side chain (Ct, Figure 1. 10) occur at a 

larger distance and these cations do not interact with the hydrophobic groups of the amino 

acids. The low charge density ammonium cation shows stronger interaction (through a com-

bination of ion-induced dipole and dispersion interactions, promoting a smaller stabilization 

of the amino acids in water) than the sodium and potassium ions, which do not interact with 

the hydrophobic groups of alanine, valine or isoleucine. KCl showed higher salting-out ef-

fect than NaCl because of weaker interactions of K+ with the nonpolar groups of alanine. 

The salts containing Mg2+ showed strong salting-in effect because of strong interaction with 

the COO- groups of the amino acids and the formation of complexes. A comparison of sim-

ulation data obtained for Val in aqueous NH4Cl and (NH4)2SO4 or MgCl2 and MgSO4 solu-

tions showed that the presence of salting-out anion decreases the effect of salting-in cation. 

In the case of (NH4)2SO4, salting-out effect induced by the sulfate anion even changes the 

solubility effect. So, salts containing the strong salting-out sulfate anion, induce a salting-

out effect on the solubility of amino acids, in the cases where cations have a small affinity 

to the amino acid. The less salting-in effect of MgSO4 with valine than in the case of MgCl2 

can be explained in terms of the cation-anion competition. It was concluded that cations 

causing the salting-in effect to have different molecular mechanisms compared to the anions 

causing salting-in effect. Moreover, if anions interact with nonpolar groups of the biomole-

cules, salting-in cations interact with the charged end groups, especially with the carboxylate 

group. 

Tomé et al.40 also studied the effect of polyvalent and monovalent cations on the solubility 

of alanine, valine and isoleucine in aqueous LiCl, Li2SO4, K2SO4, CaCl2, AlCl3 or Al2(SO4)3 

solutions. From the radial distribution functions (both the intensity and position of the 

peaks), showing the interactions of Ct and Cb (other carbon atoms of the same alkyl chain) 

atoms of isoleucine with cations, they concluded that the interactions only occur at a second 
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solvation layer with polyvalent Ca2+ and Al3+ cations and not in the presence of the mono-

valent cations as Li+ or K+. The strongest peak was observed for AlCl3 and the weakest for 

Al2(SO4)3. The peak of CaCl2 occurred for longer distance than AlCl3 and Al2(SO4), and the 

peak of the interaction of polyvalent cations with Cb atom was more intense than with Ct 

atom. It was proposed that it happened because Cb atom is closer to the COO- group. Also, 

the interaction of divalent and trivalent cations with the negatively charged group of isoleu-

cine was stronger than the interaction of monovalent cations. The strength of the interaction 

between the oxygen atoms of the carboxyl group of isoleucine and the cations followed the 

order AlCl3 > Al2(SO4)3 > CaCl2. Besides the negatively charged group, Al3+ could also bind 

with the amino groups of amino acids, which also explains the strong salting-in effects. 

Monovalent cations could not form very soluble charged complexes with the biomolecules 

as polyvalent cations probably because their interaction with water was stronger. But as can 

be seen (Table 1. 8) the divalent cations had large energies of hydration and should form 

hydration complexes which would contribute to the dehydration of the amino acids and lead 

to salting-out what did not happen. The aluminum and calcium cations showed salting-in 

effect. 

Table 1. 8. The enthalpies of hydration of the ions40. 

Ion 
∆hydH / kJ 

mol-1 

Cl- -367 

SO4
2- -1035 

K+ -334 

Li+ -531 

Ca2+ -1602 

Al3+ -4715 

Single charged cations interact weakly with charged groups of amino acids and do not inter-

act with their nonpolar parts. 

When making the transition from the molecular dynamics’ studies of amino acids to pep-

tides, a careful validation step of the peptide bond is required. One of the few works studying 

the ion effect on the solubility of peptides was presented by Paterová et al.129. In that work, 

triglycine was studied in aqueous solutions of NaCl, NaBr, NaI, NaSCN or Na2SO4. The 

RDF showed the interaction of these anions with the regions around each of the three back-

bone CH2 groups of capped and uncapped triglycine. The first region contained the N-ter-

minus and the third one contained the C-terminus (carboxyl-terminus). With the capped 
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triglycine the total affinities for the anions followed the order SO4
2- < Cl- < Br- < I- < SCN- 

as the Hofmeister series for proteins. It was reported that in the case of capped triglycine, 

only weakly hydrated anions (iodide and thiocyanate) interacted with the peptide bond and 

strongly hydrated ones (like sulfate) did not show this interaction. The Cl- and Br- anions did 

not show preferential binding to the peptide, so they acted as Hofmeister-neutral ions. Com-

pared to others, I- had some interaction with the backbone CH2 groups. Close to the N-ter-

minus, SCN- bound to the backbone CH2 group even stronger. At the same concentrations 

SCN- showed stronger salting-in effect than I-. With the uncapped triglycine affinity of ani-

ons followed the order SO4
2- > Cl- > Br- > SCN- ≈ I-, as the Hofmeister series in reverse 

order, except the thiocyanate anion. MD simulations predicted that it had a stronger affinity 

than the halide anions. The importance of the structure and size of the biomolecules in the 

interactions with ions was also highlighted. So weakly hydrated anions should interact less 

with small peptides like triglycine compared to proteins because the former are completely 

surrounded by water.  

Santosh et al.34 described MD simulations of diglycine in aqueous solutions with the six 

transition metal ions Mn2+, Fe2+, Co2+, Ni2+, Cu2+, and Zn2+. The temperature and pressure 

were kept constant at 298.15 K and 1 atm, respectively. The analysis of results showed that 

there was no direct ions-dipeptide interaction. The divalent ions kept their hydration shell 

consisting of six water molecules and interacted with the dipeptide mostly as Me2+-6H2O 

complexes. This hydration shell was broken only by Cl- when the salt concentrations were 

high. It is important to mention that the dipeptide was not modelled as a zwitterion. The 

divalent cations did not show any interaction with the NH2 group of peptide. The stronger 

binding of small ions (Cu2+, Zn2+) than larger ions (Fe2+, Mn2+) to the carbonyl oxygen and 

hydroxyl oxygen of dipeptide was observed. That interaction was mediated by water. 

Bröhl et al.130 studied three proline-based peptide models in aqueous sodium salts (NaSCN, 

Na2SO4 and NaOAc). The peptide models used in their work were (S)-N-acetyl proline me-

thyl ester (N-Ac-Pro-OMe), (S)-N-(tert-butyloxycarbonyl) proline methyl ester (N-Boc-Pro-

OMe), and (S)-N-(tert-butyloxycarbonyl) proline methyl amide (N-Boc-Pro-NHMe). The 

chemical structures of these peptide models are shown in Figure 1. 11. 



 

 

31 

 

 

Figure 1. 11. Chemical structures of the peptide models: a) N-Ac-Pro-OMe, b) N-Boc-Pro-
OMe and c) N-Boc-Pro-NHMe. 

The electrostatic potential surfaces (EPS) for cis and trans conformers of all three peptide 

models were calculated. The results showed stronger interaction of the anions with the 

“back” side of the cis conformers (blue arrows in Figure 1. 11). However, as EPS were 

calculated for a vacuum environment, these authors performed additional MD simulations 

for each conformer under isothermal-isobaric conditions to understand the effect of the sol-

vent. The anion interaction with the cis conformers was more noticeable from spatial and 

radial distribution functions of SCN- around N-Ac-Pro-OMe, AcO- around N-Boc-Pro-OMe, 

and SCN- around N-Boc-Pro-NHMe. These studies showed that it happens because of ori-

entation of both carbonyl groups of each cis conformer that is different in the trans conform-

ers and allows anions to bond. The exception was the interaction of N-Boc-Pro-NHMe with 

SCN- solution, which showed a strong interaction with both the trans and cis conformers, 

and N-Boc-Pro-NHMe with AcO-, where a slightly stronger interaction with the trans con-

former was observed. The authors explained that this interaction may have happened because 

the force field used in this work ignored polarizability, as it could show problems with the 

acetate ion force field. The simulations showed the weak interaction of cations (Na+) with 

the peptide model (with the amide groups), in agreement with the theory that anion-amide 

interactions are stronger131.  
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In 2016, Balos et al.132 used the rotational mobility of a model amide in aqueous solution to 

estimate the interactions of the amide group with different anions. The N-methylacetamide 

(NMA, Figure 1. 12) aqueous solutions in the presence of inorganic salts (the potassium 

salts of Cl-, NO3
-, Br-, I-, and SCN-) were used.  

 

Figure 1. 12. Chemical structure of N-methylacetamide (NMA). 

Even if NMA and its rotational dynamics were different from a protein, according to the 

authors it is an ideal model to study interactions with the amide group. The studies showed 

that the rotational mobility of NMA was not affected by the salts such as KCl and KNO3 and 

was only affected by denaturants such as KI and KSCN. The results of this work were com-

pared with the results of the previous work133,134, where it was studied the interaction of the 

guanidium cation (Gdm+) with amide groups, using NMA and compared with other cations 

such K+, Na+, Li+, and Mg2+. As a result, it was found that even if the Gdm+ interacts with 

the amide (as Na+), this interaction is weaker, compared to Li+ and Mg2+, while no interaction 

was observed for K+. The comparison of two works showed that some anion-amide interac-

tions are weaker than cation-amide interactions. For example, the strongly denaturing Li+ 

cation had stronger effect on the mobility of NMA than SCN - anion. The results showed that 

monovalent cations decrease the rotational mobility around twice more than monovalent an-

ions, when both of them are located at the end in the Hofmeister series. The fact that the 

interactions of the cations with the C=O of NMA group are stronger than the interactions of 

anions with the N-H group was also observed in other work129,135–137.  

In the work of Hladiková et al.135, three modifications of the triglycine molecule (uncapped, 

half-capped (with the N-terminus terminated by an acetyl group), and fully capped (with the 

N-terminus terminated by an acetyl group and the C-terminus by an N methylamide group) 

were studied. Their structures are shown in Figure 1. 13. 
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Figure 1. 13. Chemical structures of a) uncapped, b) half-capped and c) capped triglycine 

molecule. 

Each of them was solvated in NaF, NaCl, NaBr, NaI, NaSCN, NaClO4 and Na2SO4 aqueous 

solutions. The salting-out constants were calculated and compared with the experimental 

values found by Nandi and Robinson17, where they measured the salting-out constants of 

short olygoglycines and for this they capped both the C- and N-termini. It was noticeable 

that the simulations of the half-capped system were quantitatively similar with the experi-

ment, even though for the other two variants some differences were patent. These results 

suggest that Nandi and Robinson17 failed in capping C-terminus. The half-capped triglycine 

was negatively charged and had only the N-terminus neutralized, and so anions had to be 

repelled from it and sodium attracted. The strongly hydrated anions (SO4
2- and F-) dominated 

over Na+ cation, thus leading to a positive salting-out constant. The weakly hydrated anions 

(I-, ClO4
-, SCN-) were also attracted to the peptide backbone but led to negative salting-out 

constants. So, in the case of half-capped triglycine molecule, a salting-in or salting-out effect 

is the result of interactions of both cations and anions with the backbone and the C-terminus 

and cannot be explained simply in terms of only ion-backbone interactions. To see the Hof-

meister effects of ions on the peptide backbone, the capped triglycine should be studied. The 

sodium cations and strongly hydrated anions weakly interacted with the capped triglycine 

backbone and led to close to zero positive salting-out constant, what again showed that in 

the work of Nandi and Robinson17 the triglycine was not fully capped. The weakly hydrated 

anions were attracted to the backbone (to the site with the amide NH group) and led to neg-

ative salting-out constants. In the case of uncapped triglycine, the strongly hydrated ions led 
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to large salting-out constants, implying a salting-in effect. The weakly hydrated anions also 

led to negative salting-out coefficients, as a result of additional attraction to the backbone. 

Thus, there was no Hofmeister ordering for uncapped triglycine. In total, simulations and 

measurements showed stronger ion interactions with the charged C-terminus of an aqueous 

peptide.  

Finally, Rembert et al.138 showed the interactions of SCN-, I-, SO4
2- and Cl- anions (all with 

the sodium cation) with a model system containing a pentameric amino acid repeating unit, 

(Val-Pro-Gly-Val-Pro)120 (uncharged 600-residue elastin-like polypeptide). This a very in-

teresting work, as the peptide studied has a very high molecular weight. The charges of the 

N-terminus (by acetylating) and C-terminus (by methylating) were removed. The isother-

mal-isobaric conditions were used in the simulations. Anions such as SCN- and I- (large, 

soft, denaturating anions) interacted with the polypeptide backbone through a hybrid binding 

site that consists of the amide nitrogen and the adjacent α-carbon (thus showing salting-in 

effect) and did not interact with the hydrophobic side chains. The Cl− anion interacted 

weakly with the amide nitrogen/α-carbon, but the SO4
2− presented no binding with the back-

bone and hydrophobic side chains of the polypeptide. The Na+ cation bound only to the C=O 

sides of the peptide bonds and not to CHn groups. 

1.3. Objectives and summary of the measurements  

The study of solubilities  of amino acids in aqueous electrolyte solutions was a main objec-

tive of this work. And although much data on amino acid solubility in aqueous salt solutions 

can already be found, some measurements were carried out for the first time in this Thesis, 

which opened the opportunity to contribute significantly for new knowledge on the solvation 

science area. The goal was to select ions from the Hofmeister series covering a wide range 

in the series to check their effects on the solubilities of AAs with different polarity. Addi-

tionally, the objectives were also to model the solubility data  AAs using the ePC-SAFT, and 

to check the effect of pH on the solubility of AA and peptides. 

In line with the work on the topic being developed in our group6,27,40,70,74,79, this Thesis con-

siders the solubility of L-aspartic acid, L-phenylalanine, glycine, and L-leucine in an aque-

ous inorganic solution containing the anions chloride, nitrate or thiocyanate, and the cations 

sodium, potassium or ammonium, and also magnesium or calcium cations, with chloride or 

nitrate anions. The solubility measurements are provided for L-glutamic acid, L-aspartic 
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acid, L-tryptophan and L-tyrosine in aqueous KCl and (NH4)2SO4 solutions as well. Along 

with this, the studies were carried out for Asp in aqueous (NH4)2SO4 solution and for L and 

DL isomers of valine in aqueous NaNO3 and KNO3 solutions. The effect of the salt with the 

organic anion (Na-tosylate) on the solubility of glycine, L-leucine, L-phenylalanine and L-

aspartic acid were also studied. The pH of all the saturated solutions was monitored, and the 

solid-phase studies of the AAs as received from the supplier and solids settled in equilibrium 

with the saturated solution were provided. The solubility data of Asp, Glu, Trp and Tyr in 

aqueous KCl and (NH4)2SO4 solutions were modeled using ePC-SAFT. The solubility meas-

urements of glycine, diglycine and N-acetylglycine were checked in water and aqueous 

Na2SO4 solution with an addition of NaOH or H2SO4. The solubility measurements of L-

aspartic acid, L-leucine, L-phenylalanine in aqueous solutions of KCl, NaNO3, KNO3, 

NH4Cl, NH4NO3, MgCl2, CaCl2; L-glutamic acid in aqueous (NH4)2SO4 solution; L-trypto-

phan and L-tyrosine in aqueous KCl and (NH4)2SO4 solutions; all the solubility measure-

ments in aqueous solutions of Mg(NO3)2, Ca(NO3)2, NaSCN, KSCN and NH4SCN; and the 

pH influence on the solubility of glycine in aqueous Na2SO4 solution, diglycine, and N-

acetylglycine in water and aqueous Na2SO4 solution were measured for the first time in this 

work. 

 



 

 

 

 

Chapter 2 – Materials and methodology 
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Herewith it is included a description of the chemicals used and methodologies for solubility 

and pH measurements, solid – phase studies and thermodynamic modelling. To assist the 

discussion of the results, the chemical species speciation as a function of pH is presented in 

Appendix B. 

2.1.  Chemicals and experimental methods 

2.1.1. Chemicals 

The source, CAS and purity of the used chemicals are given in Table 2. 1. All the AAs were 

used without further purification and stored in a desiccator to maintain the AAs dry. The 

non-hydrated salts were dried in the oven at 343.15 K for at least 24 h and, before use, cooled 

in the desiccator with silica gel. The solvents were prepared using deionized water (resistiv-

ity of 18.2 MΩ·cm, no particles with size ≥ 0.22 μm, and total organic carbon < 5 ppb).  

Table 2. 1. Source and mass fraction purity of the compounds. 

Chemicals Supplier CAS 
Mass fraction 

purity 

Glycine (Gly) Merck 56-40-6 ≥ 0.997 

L-leucine (Leu) Merck 61-90-5 ≥ 0.990 

L-phenylalanine (Phe) Merck 63-91-2 ≥ 0.990 

L-tryptophan (Trp) Affymetrix 73-22-3 0.985-1.015 

L-tyrosine (Tyr) Merck 60-18-4 ≥ 0.990 

L-aspartic acid (Asp) Alfa Aesar 56-84-8 ≥ 0.980 

L-glutamic acid (Glu) Alfa Aesar 56-86-0 > 0.990 

L-valine (Val) Alfa Aesar 72-18-4 0.990 

DL-valine (Val) Alfa Aesar 516-06-3 0.990 

Diglycine (Gly-Gly) Sigma-Aldrich 556-50-3 ≥ 0.990 

N-acetylglycine (NAGly) Acros Organics 543-24-8 0.990 

Sodium chloride Fluka 7647-14-5 ≥ 0.995 

Sodium nitrate PanReac 7631-99-4 ≥ 0.990 

Sodium thiocyanate Acros Organics 540-72-7 > 0.980 

Potassium chloride PanReac 7447-40-7 ≥ 0.990 

Potassium nitrate PanReac 7757-79-1 ≥ 0.990 
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Potassium thiocyanate Acros Organics 330-20-0 > 0.990 

Ammonium chloride PanReac 12125-02-9 ≥ 0.995 

Ammonium nitrate PanReac 6484-52-2 ≥ 0.990 

Ammonium thiocyanate Acros Organics 1762-95-4 > 0.990 

Ammonium sulfate PanReac 7783-20-2 0.990 

Magnesium chloride hexa-
hydrate 

PanReac 7791-18-6 ≥ 0.990 

Magnesium nitrate hexahy-

drate 
PanReac 13446-18-9 ≥ 0.980 

Calcium chloride dihydrate Fluka 10035-04-8 ≥ 0.990 

Calcium nitrate tetrahydrate Alfa Aesar 13477-34-4 ≥ 0.990 

Sodium p-toluenesulfonate Acros Organics 657-84-1 ≥ 0.975 

2.1.2. Solubility experiments 

The solubility was measured using the traditional shake flask method  with analysis of the 

composition of the saturated solutions carried out by gravimetry, UV spectroscopy, or meas-

uring the refractive index. The experimental setup is presented in Figure 2. 1. It includes the 

thermostat water bath that allows for maintaining the solutions at a constant temperature 

(±0.1 K), being stirred on the magnetic stirring plates. 

The water + salt solutions (0.5, 1, or 2 molal) were prepared by gravimetry (Denver Instru-

ment, ± 0.0001 g) while the ternary systems were prepared by adding AA (in slight excess 

to the expected saturation limit) into the equilibrium cell and a known amount of aqueous 

salt solution. To measure the solubilities of glycine, diglycine, and N-acetylglycine at dif-

ferent pH the solvent was prepared by adding an acid or a base to water. 1 molal solution of 

Na2SO4 was prepared by adding the needed amount of salt into the water + acid/base mixture. 

In these measurements, H2SO4 or NaOH was used. The ternary solutions were placed into 

the water bath at 298.2 K and mixed with a magnetic stirrer for around 30 hours to reach 

equilibrium. The speed of the mixing was maintained between 500-700 rpm in all the exper-

iments. After, the mixing was stopped, and the solutions were left to rest for at least 12 hours 

to settle the undissolved particles before sampling. Four samples (approximately 2-4 cm3) 

were collected from the saturated ternary system into the glass vessels with the known 
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masses using preheated plastic syringes with syringe filters (0.45 mm pore diameter, Figure 

2. 1), to prevent precipitation of solutes in solutions. 

Finally, the composition of the samples was measured using the methods described in the 

next section. 

 

Figure 2. 1. The thermostat water bath, pH meter and all the necessary materials. 

2.1.2.1. Chemical analysis methods 

2.1.2.1.1. Gravimetry 

The glass vessels with the samples were immediately weighed. The drying followed two 

steps; first, the vessels were placed in the fume hood to evaporate water. After forming crys-

tals (Figure 2. 2), they were dried in the drying stove at 343.15 K. Before weighing the 

samples, they were first cooled in the desiccator with silica gel. The process was repeated 

every week until crystals were dried entirely, and a constant mass value was achieved. After 

calculating the difference in the masses, the amount of evaporated water was found and using 

the knowledge of the initial concentration of salt, the mass of the salt was determined. The 

remaining mass was the amount of amino acid dissolved in the aqueous salt solution. Each 

solubility value is an average of at least three different measurements70.   
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Figure 2. 2. The glass vessels with formed crystals. 

2.1.2.1.2. Refractive index measurement 

This method was used to find the solubilities of the AAs dissolved in aqueous solutions of 

hydrated salts, thiocyanates and Na-tosylate, and also to find the effect of pH on the solubil-

ities of glycine, dipeptide and N-acetylglycine in water and in 1 molal Na2SO4 aqueous so-

lution.  

The refractive index was measured (at 298.2 K) in a digital refractometer (Abbemat 500, 

Anton Paar, Figure 2. 3) with a reproducibility within ± 0.00002. The measuring range is 

between 1.30-1.72 nD, in a temperature range between 10 and 85°C. 

 

Figure 2. 3. Refractometer (Abbemat 500, Anton Paar). 
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The calibration curve (R2 > 0.904), relating the amino acid concentration (in g kg-1 of solu-

tion) and the refractive index, was built by weighting five standard solutions of known AA 

composition at a fixed salt concentration (Appendix D: Figure D 1). The refractive index 

was measured (at 298.2 K) in a digital refractometer (Abbemat 500, Anton Paar) with a 

reproducibility within ± 0.00002. 

The glass vessels with the samples were weighed, and if needed, diluted with a weighed 

amount of (water + salt) solution in order to get refractive indexes within the calibration 

curve range. Before each set, the refractive index of pure water was verified. Finally, the 

refractive indexes of each solution were determined twice, by placing about 1 ml of sample 

with a micropipette on the refractometer prism, and the solubility value was calculated from 

the calibration curve. At least three independent values are used to find the final average 

solubility. It is very important to inform that the exactly same aqueous salt solution (0.5, 1, 

or 2 molal) initially prepared is used to find the calibration curve, to prepare the saturated 

solution, and also to dilute (when needed) the saturated solution before the refractive index 

measurement. 

2.1.2.1.3. UV spectroscopy method 

The determination of the concentration of the AA with the lowest solubility (L-tyrosine) in 

the saturated ternary systems was carried out by UV spectroscopy (Jasco V-730 spectrome-

ter, Figure 2. 4) with wide wavelength range – 190 to 1100 nm. To do so, calibration curves 

for this amino acid were obtained at 274 nm wavelength (R2 = 0.9998). The samples were 

prepared by diluting the binary (AA+water) solution, with a known concentration, with wa-

ter and thus seven standard solutions were used to build the calibration curve. For the meas-

urement of absorbance, liquid samples were held in a cuvette.  This UV spectrophotometer 

with a double beam optical system requires the use of a reference (water) and a sample. First, 

a baseline correction was done by placing water in both cuvettes and after the absorbance of 

the samples were measured twice. The measurements were started with the sample with the 

lowest concentration. 

The middle area in the calibration curve was chosen and the mass fraction was registered. 

The calculated amount of water was added to the four glass vessels with the samples and the 

absorbance of each sample was measured. The equation of the calibration curve was used to 
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calculate the mass fractions of each solution and thus the solubility was found. The average 

of the solubilities values was calculated. 

 

Figure 2. 4. Jasco V-730 UV-Visible spectrophotometer. 

2.1.3. Karl Fischer titration 

The water content of the hydrated salts (magnesium chloride hexahydrate, magnesium ni-

trate hexahydrate, calcium chloride dihydrate, calcium nitrate tetrahydrate) was determined 

by Karl-Fischer (KF) titration, and that value was considered for the salt molality determi-

nations. For this, 831 KF Coulometer, Metrohm model (Figure 2. 5) was used. The method 

consists of titrating the sample of salt diluted in methanol, with the KF reagent, which is a 

solution containing iodine, sulfur dioxide and a base as buffer. According to the reaction that 

occurs, iodide reacts quantitatively with water. 

Liquid samples were added with the aid of a 5 ml syringe with a long needle. Around 0.2 ml 

of a sample were injected. The actual sample weight was determined by weighing the syringe 

before and after injection. Starting with methanol, for each sample, at least three measure-

ments were carried out. And from additional calculations, the amount of water presented in 

the studied salt was determined. The end point of the titration can be detected visually by 

the changing of color caused by iodine. 
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Figure 2. 5. 831 KF Coulometer, Metrohm. 

2.1.4. pH measurement 

As pH influences the protonation of the chemical species in solution2, this parameter was 

also taken into account. Thus, after each measurement the pH of solution was measured by 

using a pH meter (WTW inoLab pH level 1) and pH-electrode (WTW SenTix 41) or a pH 

meter (Nahita Model 903, Figure 2. 1) and pH-electrode (METTLER TOLEDO InLab Ul-

tra-Micro-ISM) for studies in aqueous solutions containing divalent cations and thiocya-

nates. A pH calibration was provided at 298.2 K by measuring a pH of buffer solutions. 

2.1.5. Solid phase studies 

The pure solid compounds as received from the supplier as well as solids settled in equilib-

rium with the saturated solution, after vacuum filtration and drying, were analyzed by pow-

der and single crystal X-ray diffraction (XRD). 

Powder XRD data were collected on a X’Pert MPD Philips diffractometer, using Cu-Kα 

radiation (λ = 1.5406 Å), with a curved graphite monochromator, a set incident area of 10 

mm2, and a flat plate sample holder, in a Bragg–Brentano para-focusing optics configuration. 

Intensity data were collected by the step counting method (step 0.02o and time 5s) in the 

range 5o < 2θ < 50o. 

The cell parameters of suitable crystals of selected L-aspartic acid, L-phenylalanine, glycine, 

and L-leucine from supply as well the samples obtained after crystallization with the differ-

ent salts, were determined on a Bruker D8 QUEST diffractometer equipped with a Photon 
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100 area detector, with monochromated Mo-Kα radiation (λ = 0.71073 Å) and operating at 

150(2) K. The selected crystals analyzed were put at 40 mm from the photon 100 detector 

and the spots were measured using different counting times (varying from 5 to 30 s). 

2.1.6. Thermodynamic modeling 

The thermodynamic modeling of these complex mixtures is essential to cover all the 

salt/amino acid combinations, temperature and salt concentration conditions while reducing 

the experimental data needed. Recently, the melting properties of twenty amino acids were 

measured by Fast Scanning Calorimetry, and the Perturbed-Chain Statistical Association 

Theory (PC-SAFT) was successfully applied to the prediction of the solubility of 15 amino 

acids in water (including the ones studied in this work) in a wide temperature range99. Thus, 

to account for the presence of the salts, the electrolyte Perturbed-Chain Statistical Associa-

tion Theory (ePC-SAFT)139,140 was used in this work to describe the solid-liquid equilibria 

of the ternary mixtures water + amino acid + salt. The model has been already applied to a 

wide range of mixtures of amino acids and peptides, water, organic solvents, and electro-

lytes, being a practical tool for designing processes involving complex multicomponent sys-

tems49,141,142.  

The solid-liquid equilibrium relation between solid AA and the saturated liquid aqueous 

phase was applied according to Prausnitz120. Among others, this relation assumes pure solid 

AA phase, i.e., no mixed crystals, and allows determining the AA solubility xi
L as: 

𝑙𝑛(𝑥i
L ∙ 𝛾i

L) =  
∆ℎ0i

SL

𝑅 ∙ 𝑇0i
SL

(1 −
𝑇0i

SL

𝑇
) −

1

𝑅 ∙ 𝑇
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SL (𝑇)𝑑𝑇 +
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𝑅
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∆𝑐p0i
SL (𝑇)

𝑇
𝑑𝑇

𝑇

𝑇0i
SL

𝑇

𝑇0i
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 (2.1) 

∆𝑐p0i
SL(𝑇) = (𝑎𝑐p0i

L − 𝑎𝑐p0i
S ) ∙ 𝑇 + (𝑏𝑐p0i

L − 𝑏𝑐p0i
S ) = ∆𝑎𝐿−𝑆

 ∙ 𝑇 + ∆𝑏𝐿−𝑆
  (2.2) 

In Eq. (2.1), 𝛾i
L  and R are the activity coefficient of AA in the saturated solution and the 

universal gas constant, respectively, and T is the temperature of the system. The melting 

properties are 𝑇0i
SL (melting temperature), ∆ℎ0i

SL (melting enthalpy at 𝑇0i
SL), and ∆𝑐p0i

SL (𝑇), 

which is the difference between the heat capacities of the liquid state (L) and the solid state 

(S) of the pure AA, denoted as ‘0i.’ In Eq. (2.2), ∆𝑐p0i
SL (𝑇) was assumed to change linearly 

with temperature, and 𝑎𝑐p0i
L  (𝑎𝑐p0i

S ) and 𝑏𝑐p0i
L  (𝑏𝑐p0i

S ) are the slope and the intercept of the liquid 

(solid) heat capacities, respectively. 
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In a previous work143, the melting properties of several AA were measured with Fast Scan-

ning Calorimetry (FSC), applying heating rates up to 20 000 K·s-1. These experimentally 

determined melting properties are required as an input for the thermodynamic framework 

PC-SAFT to predict the aqueous AA solubility using Eq. (2.1). The activity coefficients 

required in Eq. (2.1) were calculated using the revised ePC-SAFT, which combines the clas-

sical PC-SAFT139 and the Debye-Hückel theory to account for the interactions among ions. 

The revised ePC-SAFT assumes the residual Helmholtz energy (𝑎𝑟𝑒𝑠 ) as the sum of inde-

pendent contributions accounting for hard-chain (𝑎ℎ𝑐), dispersion (𝑎𝑑𝑖𝑠𝑝 ), association 

(𝑎𝑎𝑠𝑠𝑜𝑐 ), and Coulomb (𝑎𝐶𝑜𝑢𝑙𝑜𝑚𝑏) attraction energies according to Eq. (2.3): 

𝑎𝑟𝑒𝑠 = 𝑎ℎ𝑐 + 𝑎𝑑𝑖𝑠𝑝 + 𝑎𝑎𝑠𝑠𝑜𝑐 + 𝑎𝐶𝑜𝑢𝑙𝑜𝑚𝑏  (2.3) 

In this work, polar interactions were not accounted for and the standard Berthelot -Lorentz 

combining rules were applied for segment diameter and dispersion energy, while the 

Wolbach and Sandler mixing rules144 were applied for the association parameters. An ad-

vanced model for electrolyte solutions145 is available, which was not used in the present work 

as the conditions here focus on concentrated aqueous electrolyte solutions, and a deep study 

of new binary parameters within the new advanced model is not yet available. The dielectric 

constant is required for ePC-SAFT. The temperature-dependent function presented by 

Cameretti et al.140 has been applied, representing the relative permittivity of pure water, as-

sumed independent of the salt in the solution, in consistency with the modeling procedure 

when the ion parameters were fitted. The pure-component parameters of the AA and water 

are summarized in Table 2. 2, while the ion parameters are given in Table 2. 3.  
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Table 2. 2. PC-SAFT pure-component parameters of water and AA, the binary interaction 

parameters between AA and water, and melting properties from Do et al.99 
 𝑚𝑖

𝑠𝑒𝑔
 

 

σi 

 

ui

kB
 εAiBi

kB
 

κAiBi 𝑁 kij  

 

𝑻0i
SL ∆𝒉0i

SL ∆𝑎𝐿−𝑆
  ∆𝑏𝐿 −𝑆

  

 [−] [Å] [K] [K] [−] [−] [10−2] [K] [kJ·mol-

1] 

[J·mol-

1·K-2] 

[J·mol-

1·K-1] 

H2O 1.2047 a 353.94 2425.67 0.045 - - - - - - 

Glyc 4.850 2.327 216.96 2598.060 0.039 2 -5.85c 569 24.96 -0.041 41.648 

Alac 5.465 2.522 287.59 3176.600 0.082 2 -6.12c 608 25.99 -0.057 39.923 

Valb 7.485 2.589 306.41 3183.800 0.039 2 -7.57b 529 46.72 -0.102 73.915 

Leub 8.304 2.700 330.00 3600.000 0.020 2 -6.39b 518 49.09 -0.052 47.3 

Ileb 8.241 2.586 281.88 2207.529 0.001 2 -8.75b 595 47.11 -0.053 51.604 

Prob 6.981 2.548 289.72 5527.750 0.036 2 -6.99b 527 16.30e -0.060e 40.417e 

Serb 7.024 2.284 236.92 2671.930 0.039 3 -2.57b 519 32.98 -0.079 90.29 

Thrb 6.329 2.606 325.37 2519.410 0.039 3 -2.78b 587 36.64 -0.027 78.257 

Aspd 5.827 2.522 287.63 2544.234 0.041 3 1.45d 610 35.73 -0.221 176.159 

Glud 6.831 2.560 227.19 2544.234 0.041 3 -4.45d 566 48.24 -0.16 115.101 

Phed 9.310 2.690 391.83 3206.094 0.010 2 -5.18d 579 60.66 -0.139 265.092 

Tyrb 8.139 2.280 289.37 2500.000 0.040 3 0.0227 678 49.77 -0.017 74.282 

Trpd 10.577 2.825 260.64 2563.249 0.024 3 -7.68 620 65.55 -0.407 273.799 

aTemperature-dependent segment diameter 𝝈 = 2.7927+10.11 exp(-0.01775T)-1.417 exp(-0.01146T) and pa-

rameters from Cameretti and Sadowski146; bpure-component parameters from Held et al.147; cpure-component 

parameters from Chua et al.143; dpure-component parameters from Do et al.99; edetermined in this work. 

Table 2. 3. PC-SAFT pure-component parameters of ions, and kij between ion and water and 

between anion and cation. All parameters inherited from Held et al.141. 

 

𝑚𝑖𝑜𝑛
𝑠𝑒𝑔

 

 

𝜎𝑖𝑜𝑛  

 

𝑢𝑖𝑜𝑛

𝑘𝐵

 𝑘𝑖𝑗  

ion-water 

𝑘𝑖𝑗  

anion-cation 

 [−] [Å] [K] [−] [−] 

K+ 1.000 3.3417 200.00 0.20 0.064 (K+-Cl-) 

NH4
+ 1.000 3.5740 230.00 0.064 -1.000 (NH4

+- SO4
2-) 

SO4
2-  1.000 2.6491 80.00 0.25 -1.000 (NH4

+- SO4
2-) 

Cl-  1.000 2.7560 170.00 -0.25 0.064 (K+-Cl-) 

These parameters were published in the literature and were inherited from the previous 

works, including the melting properties. An exception are the values of ∆ℎ0i
SL , ∆𝑎𝐿−𝑆

 and 

∆𝑏𝐿−𝑆
 of L-proline presented in Table 2. 2. These were determined in this work based on 

FSC (fast scanning calorimeter) data from Do et al.99, as the fine-tuned values were not 

available in that publication (relatively large experimental uncertainties). According to the 

procedure previously followed99, these melting properties were fitted to the solubility data 

of L-proline in water using the FSC data99 as starting values and allowing the fine-tuned 

values only to vary within the FSC-determined uncertainty. 



 

 

 

 

Chapter 3 – Solubilities of amino acids in 

aqueous solutions of salts composed of 

monovalent cations.
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This chapter includes the measurement of the solubility of glycine, L-leucine, L-phenylala-

nine, and L-aspartic acid in aqueous salt solutions with monovalent cations, such as Na+, K+, 

and NH4
+, and Cl- and NO3

- anions at 298.2 K. Whenever possible, a comparison of the 

results with literature was performed and the consistency analysis were provided. Effect of 

the structures of the AAs on their solubility was designed by studying the relative solubility 

of different AAs in aqueous solutions of the same salt. The pH of the saturated solutions and 

the results of the solid phase studies are also included.  

I declare that I have provided all the solubility measurements of AAs in aqueous salt solu-

tions and monitored the pH of the saturated solution and wrote the paper. The solid-phase 

studies were performed by Paula Brandão from CICECO - Aveiro Institute of Materials, 

Department of Chemistry, University of Aveiro, 3810-193 Aveiro, Portugal. 

3.1. Experimental data and analysis 

The solubilities of L-aspartic acid, L-phenylalanine, L-leucine, and glycine in the aqueous 

NaCl, NaNO3, KCl, KNO3, NH4Cl, and NH4NO3 solutions, at various salt molalities at 298.2 

K, are given in Table 3. 1. The maximum coefficient of variation (standard deviation/aver-

age*100) is 6.9% (system water/ammonium chloride/aspartic acid, 2 mol·kg-1 salt concen-

tration), being lower than 1% in about 83% of cases. 

Table 3. 1. Solubilities (g of AA/1000 g of H2O) of the amino acids in aqueous solutions of 
salts at different molalities at 298.2 K and p = 0.1 MPa (standard deviation between brack-

ets).a 

 
Electrolyte 

molality 

(mol/kg of 

H2O) 

SAA (g of AA/1000 g of H2O) 

Salts 

Glycine  L-leucine L-phenylalanine L-aspartic acid 

No salt 0.000 238.332 
(0.127) 

21.544 
(0.070) 

28.347  
(0.083) 

5.140  
(0.031) 

NaCl 0.500 244.619 
(0.874) 

20.464 
(0.047) 

30.192  
(0.093) 

6.330  
(0.178) 

1.000 252.847 

(0.452) 

19.674 

(0.057) 

25.783  

(0.159) 

7.155  

(0.274) 
2.000 263.862 

(0.229) 

17.160 

(0.205) 

22.198  

(0.245) 

8.076  

(0.122) 
NaNO3 0.500 256.830 

(0.429) 
22.977 
(0.094) 

30.983  
(0.046) 

6.452  
(0.027) 

1.000 278.033 
(0.329) 

23.080 
(0.088) 

32.165  
(0.041) 

7.613  
(0.009) 
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2.000 305.871 

(0.493) 

22.300 

(0.158) 

32.506  

(0.043) 

9.607  

(0.047) 
KCl 0.500 243.174 

(0.108) 

21.236 

(0.177) 

28.115  

(0.046) 

6.343  

(0.043) 
1.000 247.229 

(0.240) 
19.899 
(0.048) 

26.501  
(0.149) 

8.045  
(0.177) 

2.000 252.281 
(0.370) 

17.440 
(0.145) 

23.181  
(0.432) 

9.318  
(0.048) 

KNO3 0.500 253.178 
(0.281) 

22.894 
(0.120) 

31.397  
(0.084) 

6.732  
(0.062) 

1.000 265.954 

(0.270) 

22.615 

(0.110) 

32.187  

(0.155) 

7.938  

(0.081) 
2.000 284.801 

(0.310) 

22.588 

(0.296) 

31.266  

(0.185) 

10.780  

(0.414) 
NH4Cl 0.500 245.097 

(0.199) 
22.591 
(0.034) 

29.763  
(0.060) 

6.002  
(0.082) 

1.000 252.599 
(0.342) 

22.250 
(0.093) 

29.887  
(0.043) 

6.777  
(0.063) 

2.000 264.662 
(0.364) 

21.407 
(0.061) 

29.297  
(0.825) 

6.871  
(0.474) 

NH4NO3 0.500 256.108 

(0.606) 

24.545 

(0.129) 

33.639 

 (0.206) 

6.652  

(0.034) 
1.000 274.534 

(0.209) 

26.586 

(0.106) 

37.468  

(0.087) 

7.835  

(0.038) 
2.000 305.613 

(0.355) 
29.014 
(0.077) 

43.279  
(0.108) 

9.910  
(0.089) 

au(salt molality) = 0.001 mol·kg-1, ur(SAA) = 0.05, u (T) = 0.1 K and ur (p) =0.05. 

The solubility in pure water at 298 K has already been reported by several authors and is 

collected in Table 1. 5. As can be seen, the values measured in this work generally agree 

with the literature. The absolute solubility values in all aqueous systems follow the rank Gly 

> Phe > Leu > Asp, which matches the solubility in pure water. Figure 3. 1 shows the relative 

solubilities (ratio between the solubility of AA, expressed as the mass of the amino acid in 

1 kg of water, in aqueous salt solutions to that in pure water) of all the studied AAs in dif-

ferent aqueous salt solutions at 298.2 K. The results show the relevance of the AAs structural 

features (Figure 1. 2). L-Aspartic acid, the most polar, shows salting-in in all the salt solu-

tions. Leu, the most apolar hydrophobic AA in this study, generally presents the weakest 

salting-in effect or a salting-out, even if in most of the salt solutions, a very similar behavior 

is observed between Leu and Phe. The relative solubilities in all the aqueous salt solutions 

follow the order Asp > Gly > Phe  Leu, excepting the ammonium nitrate solution, where 

the ranking is Asp > Phe > Leu > Gly. Potassium chloride induces a salting-out over the 
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whole salt concentration range in the solutions with Phe and Leu. The presence of sodium 

chloride leads to a salting-out effect in the solution with Leu. Besides, the addition of NaNO3 

causes an increase in the solubility of Phe. In all other cases, the solubility varies non-mon-

otonically with salt molality. 

 

Figure 3. 1. Relative solubility of ◆, glycine; ▲, L-leucine; ■, L-phenylalanine, and ●, L-

aspartic acid in aqueous a) NaCl; b) NaNO3; c) KCl; d) KNO3; e) NH4Cl, and f) NH4NO3 

solutions with different molalities at 298.2 K. 

The effect of each salt on the relative solubility of the studied amino acids is shown in Figure 

3. 2. The solubilities of all the AAs in aqueous salt solutions, with the nitrate anions, are 

higher than in the solutions containing chloride anions (for the same cation). This is sup-

ported by the molecular dynamics simulations reported by Tomé et al.27. It was concluded 

that the Cl- anion has as much lower effect on the solubility of AAs, and that it does not 
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interact with the apolar groups of AAs. Considering the NO3
- anion, it interacts more signif-

icantly with the hydrophobic groups of the AAs and thus contributes to increase the AA 

solubility. The effect of cations on the solubility of AAs was also studied in another work 

by the same author40. It was observed that monovalent cations, and particularly alkali cati-

ons, do not interact with the hydrophobic groups, and unlike the divalent cations, which 

interact strongly with the carboxylate groups of the AAs, for the monovalent cations, this 

binding is less favorable. The ammonium cation shows stronger interaction (through a com-

bination of ion-induced dipole and dispersion interactions, promoting stabilization of the 

amino acids in water) than the sodium and potassium ions79. It is worth mentioning that only 

for Asp, which presents two carboxylate groups, the ammonium nitrate salt does not present 

the highest salting-in effect compared to the nitrate salts of the alkali cations. The relative 

solubility of Phe and Leu follows the same order NH4NO3 > KNO3 ≈ NaNO3 ≈ NH4Cl > 

KCl ≈ NaCl (evaluated at 2 molal). The relative solubility of Gly in the aqueous salt solutions 

with the nitrate and chloride anions follow the same ranking K+ > NH4
+ > Na+, while for Asp 

the order is found as KNO3 > NH4NO3 ≈ NaNO3 ≈ KCl > NaCl > NH4Cl (evaluated at 2 

molal).  

 

Figure 3. 2. Relative solubility of a) glycine; b) L-leucine; c) L-phenylalanine, and d) L-

aspartic acid in aqueous ○, NaCl; □, NaNO3; ○, KCl; □, KNO3; ○, NH4Cl, and □, NH4NO3 

solutions with different molalities at 298.2 K. 
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As shown in Table 1. 1, Gly is the most studied AA. For certain aqueous electrolyte solvents, 

there are even AA solubility data from different researchers, allowing to check the reliability 

of the data measure in this work. The solubility data of Gly in aqueous KCl solution obtained 

in this work is consistent (Figure 2.3b) with the data of Ferreira et al.70, that checked their 

different results to those by Khoshkbarchi and Vera46, proving the reliability of their data 

recurring to experimental and theoretical approaches, and are also in agreement to Roy et 

al.50. The results of Held et al.49 differed from the results of this work. Similar differences 

were observed when the results in aqueous NaCl solutions were compared (Figure 3. 3a), 

particularly the small salting-out at low salt molalities that was not observed in this work. 

The only work found with solubility data of Gly in aqueous NH4Cl solution was the work 

by Zeng and Li78, in which the results were similar to the results from this work. Concerning 

the nitrate salts (Figure 3. 3d and e), the relative solubility of Gly in aqueous NaNO3 and 

KNO3 solutions from this work is close to the data from Roy et al.64, Held et al.49 or Talukdar 

et al.65, but quite different from Pradhan and Vera63, which shows much higher solubilities. 

The reason can be related to a particular detail of their experimental procedure; Pradhan and 

Vera dried their samples in the oven for 48 h, just at 308 K, and then weighted them, which 

most certainly was not enough to remove all water retained by the AA and salt crystals. It is 

worth mentioning that there are also other factors affecting solubility in this kind of study. 

Gly polymorphism is well known,148–150 and the polymorph transformation of Gly in aque-

ous solution can often occur80,151–154. For instance, Yang et al.153 studied the transformation 

of the α form to the γ form, which happens after 20 h. The presence of salts and the stirring 

speed, as well as the temperature, time and pH clearly affect the transformation rate. 

Kitamura155 developed important studies about strategies to control the crystallization of 

polymorphs, where these factors are also mentioned. Unfortunately, the solubility of Gly in 

NH4NO3 was presented just in one work66 and not at 298.2 K. For some systems, not all 

solubility data found in the literature could be included due to the impossibility to accurately 

convert data from the units presented in these studies to those used here. For clarity, the 

relative solubility of glycine50,75 in aqueous KCl solutions is not shown after 3 molal 

concentration. 
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Figure 3. 3. Relative solubility of glycine in aqueous salt solutions at 298.2 K: ◆, (this 

work); ◇, Roy et al.50; ◆, Khoshkbarchi and Vera46; ◇, Venkatesu et al.75;  □, Ferreira et 

al.70; ○, Pradhan and Vera63; ●, Roy et al.64; ◆, Talukdar et al.65; □, Held et al.49; ○, Zeng 

and Li78. Lines are a guide to the eyes. 

As can be observed from Table 1. 1, for L-aspartic acid, not many solubility measurements 

were reported so far. Therefore, the results could be compared only in aqueous NaCl solu-

tions, presented in Figure 3. 4a. Our data are very similar to Bretti et al.57 and slightly higher 

than Wang et al.,26 at higher molalities. However, as the solubility studies in aqueous KCl 

solution were carried out only for the D-isomer of this AA26, no comparison could be pro-

vided. For Phe or Leu, data were also found in aqueous NaCl solutions55. A very good agree-

ment is observed for Leu (Figure 3. 4c), as well for Phe (Figure 3. 4b). However, in their 
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work, Bretti et al.55 indicate the L-phenylalanine solubility in water at 298.15 K to be 13.6 

g/1000 g of H2O, while the literature values range from 25.2 to 30.6 g/1000 g of H2O. 

 

Figure 3. 4. Relative solubility of a) L-aspartic acid: ●, (this work); □, Bretti et al.57; □, 

Wang et al.26; b) L-phenylalanine: ■, (this work); □, Bretti et al.55, and c) L-leucine: ▲, (this 

work); △, Bretti et al.55 in aqueous salt solutions at 298.2 K. Lines are a guide to the eyes. 

3.2. Ion effects on AA solubility 

3.2.1. Consistent results 

Considering all the experimental solubility data from this work and the literature, a set of 

patterns can be identified. To carry this analysis, the information available was first divided 

into salts containing the monovalent K+, Na+, or NH4
+ cations, and evaluating the effect of 

the anions, since the impact of these cations on the solubility is minor compared to the ani-

ons. As shown in Figure 3. 5 (the same color indicates the same anion, and it is limited to 

3.0 salt molality for better reading), all salts induce a mild salting-in impact on Gly, except 

for KCH3COO. This anion is a salting-out agent in the list of salts in the Hofmeister series. 

The effect of the studied salts is seen in a narrow range of the relative solubility of Gly, and 

some differences are most probably within the experimental error but give at least a 

qualitative view. The results of some works could not be included as they were found in 
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different units, or the solubility measurements were not provided at 298.2 K, or another 

isomer was studied. In addition, not all data available were included, as a consistency 

analysis was first carried out for a reliable interpretation (Section 3.2.3.). On the other hand, 

only the data here measured (and compared in Figure 3. 3) were included for the salts studied 

experimentally in this work. It can be concluded that in the case of glycine the salts with the 

nitrate anion present the highest salting-in effect (evaluated above 1 molal), followed by 

sulfate, iodide, bromide, chloride, and fluoride anion.  

 

Figure 3. 5. Ion effects on the relative solubility of glycine in aqueous salt solutions at 298.2 

K: △, KNO3 (this work); □, KCl (this work); ◇, KBr61; ○, KBr42; ◇, KI42; ○, K2SO4
77; ○, 

KF41; ◇, KF42;  +, KCH3COO75; △, NaNO3 (this work) ; □, NaCl (this work) ; ◇, NaI42; ○, 

NaI62; x, Na2SO4
70; ◇, Na2SO4

71; △, Na2SO4
72; ○, NaF41; ◇, NaF42; ○, NaBr42; ◇, NaBr61; 

△, NH4NO3 (this work); □, NH4Cl (this work); ー, (NH4)2SO4
6; +, (NH4)2SO4 

49. Lines are 

a guide to the eyes. 

For alanine, the diversity of experimental data published is also significant, allowing to see 

the effect of the additional methyl group in the amino acid side chain compared to Gly (the 

structures of all amino acids focused in this work are presented in Appendix A). Figure 3. 

6 shows the relative solubility of DL-alanine in aqueous salt solutions with Na+, K+, or NH4
+ 

cations. In comparison with Gly, the relative solubility of DL-alanine is lower in most of the 

aqueous electrolyte solutions, and a salting-out effect was observed, confirming the 
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molecular dynamics results showing that the monovalent cations do not interact with 

hydrophobic moieties of the AAs. This change to Gly was more noticeable when DL-alanine 

was dissolved in aqueous KCl, NaCl, Na2SO4, NaF, (NH4)2SO4, and K2SO4 solutions. 

Considering molecular dynamics studies27, it was found that the SO4
2‾ can interact only with 

small amino acids like glycine inducing salting-in effect, while it does not interact with large 

nonpolar moieties and therefore shows a salting-out effect, also supporting the experimental 

observations. Consistently to glycine, the salts with the nitrate anions presented the highest 

salting-in effect (evaluated at 1.5 molal). Even if two independent and consistent sets of data 

are available, the salting-in magnitude seems too large, raising some doubts on the data 

quality. After nitrate, the ranking follows iodide ≈ bromide, chloride, and sulfate anions.  

The relative solubility of DL-alanine is higher in aqueous salt solutions with the bromide 

and iodide anions compared to glycine. Moreover, the salts with the fluoride anion induce a 

different effect on the solubility of DL-alanine, a salting-in effect with the potassium cation, 

and a salting-out effect with the sodium cation. These differences with the potassium and 

sodium cations, and halogens, also open some questions about the quality of the results, 

stressing the need to have a structural analysis of the solid phase, identifying the AA 

crystallographic form in the electrolyte solutions, and perform a comparison to the original 

form of the supplier. The solubility of DL-alanine in the salt solutions with the ammonium 

cations is much less studied. In solutions of ammonium chloride or ammonium sulfate, the 

relative solubility is lower than for glycine. At higher molalities, the sulfate anion induces a 

salting-out effect with DL-alanine, confirming the trend mentioned before. 
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Figure 3. 6. Ion effects on the relative solubility of DL-alanine in aqueous salt solutions at 

298.2 K:  ○,  K2SO4
77; +,  K2SO4

40;  ○,  KBr42; ◇,  KBr61; ◇, KI42; △,  KCl70; ◇,  KCl46; ○,  

KCl52; ○,  KF41; ◇,  KF42; ◇,  KNO3
63; ○,  KNO3

76; □,   Na2SO4
70; ◇,  Na2SO4

71;  △,  

Na2SO4
72; ○,  NaBr42; ◇,  NaBr61; ○, NaI62; ◇, NaI42; ×,  NaCl46; ー,  NaCl52; ◇,  NaF42;  ○,  

NaF41; ◇,  NaNO3
63; +, NaNO3

67; □, (NH4)2SO4
6; □, NH4Cl79. Lines are a guide to the eyes. 

3.2.2. Contradictory results 

The same type of analysis, as in the previous section, has been attempted for valine. How-

ever, some sets of published data (referenced in Table 1. 1) do not follow the expected 

trends. Where sometimes a very mild salting-in is expected, a strong effect stands out. In 

aqueous Na2SO4 solutions, all the AAs, except glycine (Figure 3. 7), show a salting-out 

effect, and the ranking is DL-alanine < DL-valine < L-isoleucine, which is in agreement with 

the expected order, also derived from molecular dynamics studies. In the case of NaNO3 

solutions, even if nitrate has a more salting-in character than sulfate, DL-valine and DL-

alanine systems show a salting-in effect that seems too intense. The rank is DL-valine > DL-

alanine > glycine > L-leucine > L-isoleucine, which is not consistent as DL-valine and DL-

alanine are AAs with larger apolar groups than glycine, and it would be expected to have 

valine positioned somewhere in the middle between alanine and leucine, as the size of the 

hydrocarbon chain is the main effect on the solubility change. This analysis sheds some light 
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on the importance of checking the data consistency before drawing general rules concerning 

the impact of the different anions on AA solubility.  

 

Figure 3. 7. Relative solubility of glycine: ◇, Ferreira et al.70; □, Roy et al.71; △, Rama-

sami72; ◆, (this work); DL-alanine: ◇, Roy et al.71; □, Ferreira et al.70; △, Ramasami72; ○, 

Pradhan and Vera63; +, Roy et al.67; DL-valine: △, Roy et al.71; ○, Ramasami72; ◇, Pradhan 

and Vera63; L-isoleucine: □, Chowdurry et al.73; ○, Chowdurry et al.68, and L-leucine: ▲, 

(this work) in aqueous Na2SO4 and NaNO3 solutions. Lines are a guide to the eyes. 

3.2.3. Consistency analysis 

For many aqueous salt solutions, more than one independent set of data are available. 

Thereby, the consistency analyses were carried out. Figure 3. 8 presents all the solubility 

results of glycine in aqueous K2SO4, Na2SO4 and KBr solutions, found in the literature. One 

set of data in aqueous K2SO4 and Na2SO4 was the result of El-Dossoki42. Despite the fact 

that, in this work the salts also induced the same effect on the solubility of glycine, a big 

difference in the magnitude can be clearly seen. The solubility data obtained by Venkatesu 

et al.75 in aqueous KBr solution also differed from the results of two other works. In this 

work a small salting-out effect was observed at low molality. 
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Figure 3. 8. Relative solubility of glycine in aqueous K2SO4, Na2SO4 and KBr solutions: +, 

Hossain et al.77; ー, El-Dossoki42; □, Ferreira et al.70; △, Ramasami72; ◇, Roy et al.71; ◇, 

Guin et al.61; ○, El-Dossoki42; △, Venkatesu et al.75. Lines are a guide to the eyes. 

Solubility data of DL-alanine and DL-valine in aqueous K2SO4 and Na2SO4 solutions were 

found in different works and showed in Figure 3. 9. Except the work of El-Dossoki42, all 

other results are similar and consistent, and that specific set are not included in the prsesent 

analysis.  
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Figure 3. 9. Relative solubility of DL-alanine and DL-valine in aqueous K2SO4 and Na2SO4 

solutions: ○, Hossain et al.77; ー, El-Dossoki42; □, Ferreira et al.70; △, Ramasami72; ◇, Roy 

et al.71; +, Tomé et al.40. Lines are a guide to the eyes. 

3.2.4. Data checking – Solubilities of L and DL-valine. 

To check the effect of NaNO3 on the solubility of valine, as well as the impact of optical 

isomerism, the solubility measurements of L ad DL-valine were carried out in aqueous 

NaNO3 and also in KNO3 solutions at various salt molalities and 298.2 K and the data is 

presented in Table 3. 2. The maximum coefficient of variation (standard deviation/aver-

age*100) is 1.8% (system water/sodium nitrate/DL-valine, 0.5 mol·kg-1 salt concentration), 

being lower than 1% in all other cases. The absolute solubility of DL-valine in both aqueous 

solutions is at least 15 g/1000g of water higher than L-valine. 
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Table 3. 2. Solubilities (g of AA/1000 g of H2O) of L-valine and DL-valine in aqueous 

NaNO3 and KNO3 solutions at different molalities at 298.2 K (standard deviation between 
brackets) and p = 0.1 MPa.a 

 
Electrolyte 

molality 

(mol/kg of 
H2O) 

SAA (g of AA/1000 g of H2O) 

Salts 

L-valine  DL-valine 

No salt 0.000 62.400 (0.253) 76.171 (0.300) 

NaNO3 0.500 63.634 (0.302) 79.750 (1.422) 

1.000 63.783 (0.542) 80.079 (0.677) 
2.000 62.187 (0.564) 78.476 (0.688) 

KNO3 0.500 64.803 (0.075) 79.823 (0.048) 

1.000 64.844 (0.098) 81.193 (0.294) 
2.000 62.116 (0.554) 77.472 (0.279) 

au(salt molality) = 0.001 mol·kg-1, ur(SAA) = 0.05, u (T) = 0.1 K and ur (p) =0.05. 

The solubility of DL-valine in pure water measured in this work at 298 K agree with the 

literature, but for L-valine a difference to the literature average close to 4 g per 1000 g of 

water was consistently found (Table 1. 5). This can be due to the differences in the solid 

phase structures, which were hardly ever registered in the compiled studies. 

Figure 3. 10 shows the relative solubility for the two (L- and DL-) forms of valine at 298.2 

K. Despite the differences in the absolute values of the solubility of each isomer, it is clear 

the same relative solubility changes for the L-isomer and racemic mixture in both aqueous 

nitrate solutions, showing that the optical isomerism does not play a role in the impact of 

salts on the AA solubility. 

 

Figure 3. 10. Relative solubility of ●, L-valine and ■, DL-valine in aqueous salt solutions. 

Lines are a guide to the eyes. 

The results obtained were also compared with the literature data as presented in Figure 3. 7. 

Similarly, to Figure 3. 10, it is shown the very small effect of monovalent cations on the 
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solubility of the AA. The NO3
- anion interacts with the hydrophobic groups of the AA lead-

ing to a small salting-in effect for valine, in good agreement with the data by Held et al.49, 

and highlighting the very unexpected salt effect reported by Pradhan and Vera63. 

 

 

Figure 3. 11. Relative solubility of L-valine: ○, (this work); △, Held et al.49, and DL-valine: 

□, (this work), ◇, Pradhan and Vera63 in aqueous salt solutions. Lines are a guide to the eyes. 

Using the new data, the importance of the AA structure is analyzed in both aqueous electro-

lyte solutions. The order in both salt solutions is the same. As can be seen in Figure 3. 12, 

valine and L-alanine shows a very slight salting-in effect with the magnitude lower than 

glycine and very similar to L-leucine. It would be expected to have DL-alanine positioned 

next to L-alanine with a much weaker salting-in effect. 

 

Figure 3. 12. Relative solubility of glycine: ◇, (this work); DL-alanine: ○, Pradhan and 

Vera63; +, Roy et al.67; ー, Hossain et al.76; L-alanine: ×, Held et al.49; L-valine: ○, (this 

work); DL-valine: □, (this work); L-isoleucine: ○, Chowdurry et al.68, and L-leucine: ▲, 

(this work) in aqueous NaNO3 and KNO3 solutions. Lines are a guide to the eyes. 
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3.3. Effect of the AA structure 

For a given salt, its impact on the AA solubility can be explored in terms of the structural 

features of AA. Figure 3. 13 illustrates the relative solubility of different AAs in aqueous 

NaCl solutions (by far the most studied aqueous salt solution), highlighting the relevance of 

the functional group on the relative solubility change. The AA showing the highest salting-

in effect is L-glutamine (L-Gln), whose structure is similar to glutamic acid (Glu), where 

one -COOH group is replaced by an amide group. The presence of these two -COOH groups 

in L-aspartic acid contributes to the high salting-in effect, while L-glutamic acid57, with an 

additional CH2 group, still presents an evident salting-in, but with a smaller magnitude. Be-

tween these two AAs, the polar hydrophilic -OH group of DL-serine increases the polarity 

of the hydrocarbon backbone, increasing its solubility156, while the relative solubility of L-

cysteine (L-Cys) is higher than DL-serine. L-cysteine possesses an -SH group, probably con-

tributing greatly to the salting-in magnitude, and it has been proven that in aqueous salt 

solutions, L-cysteine forms soluble complexes with the salts inducing the salting-in effect56. 

Next to serine is histidine (His), an alkaline AA, which has an imidazole side chain. Glycine, 

the simplest AA, and L-proline (L-Pro), which has a cyclic structure with the NH group in 

the cycle, show almost no salting-in effect, and DL and L-alanine show the smallest salting-

out effect. The addition of successive CH2 groups to alanine induces stronger salting-out in 

DL and L-valine, DL-nor-valine (DL-Nva), and L-leucine. L-phenylalanine, an aromatic 

AA, shows a hybrid behavior. Though L-lysine (L-Lys) has an additional amino group, it 

also contains the longer alkyl side chain, conferring a more hydrophobic character to the 

structure, resulting in the highest salting-out effect. Finally, although DL-tryptophan (DL-

Trp) has a polar NH group in its cyclic structure and DL-tyrosine (DL-Tyr), a polar OH 

group, both also present large aromatic hydrophobic groups in their structures, thus being 

salted-out in aqueous NaCl solution, with DL-tryptophan showing a hybrid behavior. 
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Figure 3. 13. Relative solubility of different AAs in aqueous NaCl solution at 298.2 K: ●, 
L-aspartic acid (this work); ■, L-phenylalanine (this work); ▲, L-leucine (this work); ◆, 

glycine (this work); ◇, L-glutamic acid57; ◆, DL-alanine46; +, DL-alanine52; △, L-alanine49;  

□, DL-serine46; △, DL-serine52; ○, L-cysteine56; △, L-glutamine57; ◇, L-histidine57;  △, L-

valine49; ; +, DL-valine46; □, DL-nor-valine83; ○, L-proline53; +, L-proline49; ○, DL-tyro-

sine60; □, DL-tryptophan60; ○, L-lysine56. Lines are a guide to the eyes. 

The solubility dependence of AAs in the aqueous KCl solutions can be observed in Figure 

3. 14. In good agrement with the NaCl analysis, L-aspartic acid presents the highest salting-

in effect, glycine and L-proline a very weak salting-in effect, DL and L-alanine a very slight 

salting-out effect, L-valine, L-phenylalanine, and L-leucine showing also a salting-out 

effect. For the same reasons as expressed before, the data available for DL-valine46 and DL-

nor-valine83, or L-glutamic acid58 were not considered in the discussion. The very similar 

results obtained for DL-serine by Khoskhbarchi and Vera46 and Roy et al.52 indicate a much 

stronger salting-in behavior in KCl solutions if compared to NaCl solutions, raising some 

doubts not only from the fundamental interpretation derived from the physical-chemistry of 

the solutions, and molecular simulation, but also because for L-serine, Ferreira et al.74 found 

a salting-in of similar magnitude to the one they found for DL-serine in aqueous NaCl 

solutions. Compared to serine, threonine has an additional aliphatic CH3 group, which causes 

a very relevant reduction in the salting-in effect observed in serine. DL-α-aminobutyric acid 

(DL-α-Abu) is the AA presenting the highest salting-out, unexpectedely stronger then L-

leucine. 
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Figure 3. 14. Relative solubility  of different AAs in aqueous KCl solution at 298.2 K: ●, L-
aspartic acid (this work); ■, L-phenylalanine (this work); ▲, L-leucine (this work); ◆, gly-

cine (this work); ▲, DL-alanine70; ◆, DL-alanine46; +, DL-alanine52; △, L-alanine49; □, L-

isoleucine74; □, DL-serine46; △, DL-serine52; ○, L-serine74; ○, L-threonine74; △, L-valine49; 

□, DL-α-aminobutyric acid82, and ○, L-proline53; +, L-proline49. Lines are a guide to the eyes. 

Figure 3. 15 shows the relative solubility in aqueous NaNO3 solutions, at 298.2 K. Excepting 

DL-nor-valine and L-proline, which in these aqueous solutions show similar salting 

magnitude as in the chloride salt solutions, an increase in the relative solubility was observed 

for all other amino acids, confirming the higher salting-in character of the nitrate anion in 

comparison to chloride. The results show a massive increase in the relative solubility of DL-

alanine, which is too large in comparison with the L-isomer. The same was observed in the 

case of the serine isomers (Figure 3. 17), and only the data of L-serine is left in Figure 3. 

15. Considering the results of L-isomers, it can be concluded that after aspartic acid, the AA 

with the highest salting-in effect is L-serine. With the addition of methyl groups to glycine, 

the relative solubilities of AAs with larger apolar groups decreases, and it follows: Gly > L-

Ala > L-Val ≈ DL-val ≈ L-Leu > DL-nor-Val > L-Ile. DL-α-aminobutyric acid, which has 

one more methyl group than alanine, seems to be in the right place compared to the results 

of alanine, but like in KCl aqueous solutions, show an unexpected salting magnitude 

considering the results of other non-polar aliphatic AAs. L-Phe with an aromatic group 

showed the highest salting-in effect among the AAs with apolar groups. 



 

 

66 

 

 

Figure 3. 15. Relative solubility of different AAs in aqueous NaNO3 solution at 298.2 K: ●, 
L-aspartic acid (this work); ■, L-phenylalanine (this work); ▲, L-leucine (this work); ◆, 

glycine (this work); ●, L-valine (this work); ■, DL-valine (this work); □, L-isoleucine68; ○, 

DL-alanine63; □, DL-alanine67; △, L-alanine49; □, DL-nor-valine64; △, L-serine68; ○, L-pro-

line53; +, L-proline49 and □, DL-α-aminobutyric acid84. Lines are a guide to the eyes. 

The dependence of the relative solubilities of AAs on the molality of aqueous KNO3 solution 

is shown in Figure 3. 16. The similarities found with the NaNO3 solutions again reaffirm 

how monovalent cations do not significantly affect the solubility of the amino acids. In both 

solutions with the nitrate anion, all the AAs with polar and apolar functional groups follow 

the same order with very similar magnitudes. Compared to KCl, the relative solubilities of 

all the AAs increased, and even alanine, leucine, phenylalanine, and valine which suffer 

salting-out in solutions with the chloride anions, show slight salting-in results in these nitrate 

solutions. 

 

Figure 3. 16. Relative solubility of different AAs in aqueous KNO3 solution at 298.2 K: ●, 

L-aspartic acid (this work); ■, L-phenylalanine (this work); ▲, L-leucine (this work); ◆, 

glycine (this work); ●, L-valine (this work); ■, DL-valine (this work); □, L-isoleucine68; ◇, 

DL-alanine76; ○, DL-alanine63; △, L-alanine49, △, L-serine68; ○, L-proline53; +, L-proline49; 

and □, DL-nor-valine64. Lines are a guide to the eyes. 
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3.3.1. Consistency analysis 

Figure 3. 17 presents the relative solubilities of DL-serine and L-serine in aqueous NaNO3 

and KNO3 solutions at 298.2 K. Even though two independent and similar sets of data were 

found, the salting-in magnitude of the DL-isomer seems, in comparison to the L-serine, is 

too large. As a result, they were not included in Figure 3. 15 and Figure 3. 16. 

 

Figure 3. 17.  Relative solubility of DL-serine: ー, Pradhan and Vera63; □, Mondal et al.59; 

○, Hossain et al.76; and △, L-serine:  Chowdhury et al.68 in aqueous NaNO3 and KNO3 so-

lutions. Lines are a guide to the eyes. 

The available data for glycine, DL-alanine, DL-serine, DL-valine, and L-isoleucine, shown 

in Figure 3. 18, confirm the difficulty to establish, with enough confidence, a rationale about 

the effect when changing the cation while fixing the anion (NaF/KF) or the opposite 

(NaF/NaBr). The results in aqueous K2SO4 solution also present a different order than Fig-

ure 3. 7, showing that the potassium cation, unlike the sodium cation, induces a salting-in 

effect with alanine and valine, that sheds some light on the importance of checking the data 

consistency before drawing general rules concerning the impact of the different anions on 

AA solubility, as monovalent cations do not interact with the amino acids and have a low 

impact on their solubility. 



 

 

68 

 

 

Figure 3. 18. Relative solubility of ×, DL-alanine61; ー, DL-alanine42; □, DL-alanine41; ○, 

DL-alanine79; △, DL-alanine77; □, Glycine75; △, Glycine61; ×, Glycine41; ○, Glycine77; +, 

Glycine42; ×, DL-valine42; ○, DL-valine61; □, L-isoleucine57; ◇, L-isoleucine73; ○, L-isoleu-

cine40;  ○, DL-serine61; +, DL-serine42; ×, DL-serine41; □, DL-serine77 in aqueous salt solu-

tions at 298.2 K. Lines are a guide to the eyes. 

3.4. The pH of the saturated solutions 

Besides solubility, the pH of the saturated  solutions was also measured at 298.2 K and is 

reported in Table 3. 3. It is possible to conclude that all amino acids are in the zwitterionic 

form (dipolar ions) in the saturated solutions, as can be seen in the microspecies distribution 

as a function of pH presented in Appendix B.  
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Table 3. 3. pH range of saturated solutions of L-aspartic acid, glycine, L-phenylalanine, or 

L-leucine in the studied aqueous electrolyte solutions at 298.2 K. 

 

AAs 

pH range in the ternary solution 

NaCl NaNO3 KCl KNO3 NH4Cl NH4NO3 

Gly 5.97*-7.17 5.97*-6.30 5.97*-6.26 5.97*-6.33 5.97*-6.22 5.97*-6.17 

Leu 5.77-5.98* 5.98*-6.09 5.75-5.98* 5.83-5.98* 5.56-5.98* 5.67-5.98* 

Phe 5.48*-6.07 5.48*-5.66 5.48*-6.25 5.48*-5.60 5.42-5.48* 5.44-5.48* 

Asp 2.76-2.77* 2.77*-2.81 2.77*-2.97 2.77*-3.11 2.77*-3.02 2.77*-3.18 

L-val – 5.97*-6.28 – 5.97*-6.36 – – 

DL-val – 5.97*-6.12 – 5.97*-6.20 – – 

*Saturated solution in water1. u (pH) = 0.05, u (T) = 0.1 K. 

3.5. The solid phase studies 

The solid phase studies are a strategy to examine any eventual changes in the crystallo-

graphic form of the amino acids, that might impact the salting effects. So, the solids from 

the supplier were analyzed by single crystal and powder diffraction. All the AA from sup-

plier were analyzed and the information about the structure, cell parameters, CCDC code, 

and references relative to the crystal forms found is presented in Table 3. 4.  
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Table 3. 4. Cell parameters for Glycine, L-aspartic acid, L-phenylalanine and L-leucine from 

supplier determined by single crystal X-ray diffraction and comparison with published data 
in CCDC Cambridge database. 

Amino acid Crystal form CCDC code Reference 

Glycine 

Monoclinic P (α-glycine) 

a=5.10 Å; b=11.99 Å; c=5.45 
Å; = 111.53o 

1416373 Jiang et al.157 

Hexagonal P (γ-glycine) 

a=b=7.00 Å; c=5.48 Å 
1416374 Jiang et al.157 

L-Aspartic acid 
Monoclinic P 
a=5.11 Å; b=6.92 Å; c=7.60 
Å; = 100.38o 

652520 
Bendeif and 
Jelsch158 

L-Phenylalanine  
Monoclinic P 
a=8.80 Å; b=6.06 Å; c=31.38 
Å; = 97.36o 

1012155 Ihlefeldt et al.159 

L-Leucine  
 

Monoclinic P 

a=9.63 Å; b=5.34 Å; c=14.65 
Å; = 94.09o 

1508364 Binns et al.160 

L-valine 
 

 
1208818 

Dalhus and Gör-

bitz161 

DL-valine  
 

1279575 Flaig et al.162 

Glycine from the supplier presents a mixture of two phases, a monoclinic corresponding to 

the α-form and a hexagonal corresponding to γ-form (Appendix C: Figure C 1), both al-

ready described in the literature. The solid samples from the suppliers of L-valine, and DL-

valine did not allow the cell parameters determination by single crystal X-ray diffraction. 

Thus, these samples were analyzed by powder X-ray diffraction showing all the same pow-

der patterns as the samples with CCDC deposition numbers 1208818161 and 1279575162 re-

spectively (Appendix C: Figure C 6 and Figure C 7). All the other amino acids from sup-

plier show a single phase and are also well characterized in the literature (Appendix C: 

Figure C 3, Figure C 4, Figure C 5). In all aqueous solutions of the six electrolytes, the 

glycine samples (Appendix C: Figure C 2) crystallized only in the hexagonal crystal sys-

tem, the γ-form. The crystalline form of the other amino acids (Appendix C: Figure C 3, 

Figure C 4, Figure C 5, Figure C 6 and Figure C 7) investigated in some of the electrolyte 

solutions did not change compared to the structure found in the original solid from the sup-

plier. 

  



 

 

 

 

Chapter 4 – Solubilities of amino acids in 

aqueous solutions of salts composed of di-

valent cations. 
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This chapter includes the measurement of the solubility of glycine, L-leucine, L-phenylala-

nine, and L-aspartic acid in aqueous salt solutions with divalent cations, such as Mg2+ and 

Ca2+, and Cl- and NO3
- anions at 298.2 K. A comparison of the results with literature was 

carried out when it was possible. The relative solubility results were compared with the ones 

in aqueous solutions of salts with the monovalent cations. Effect of the structures of the AAs 

on their solubility was designed by studying the relative solubility of different AAs in aque-

ous solutions of the same salt. The pH of the saturated solutions and the results of the solid 

phase studies are also included. 

I declare that I have provided all the solubility measurements of AAs in aqueous salt solu-

tions and monitored the pH of the saturated solution and wrote the paper. The solid-phase 

studies were performed by Paula Brandão from CICECO - Aveiro Institute of Materials, 

Department of Chemistry, University of Aveiro, 3810-193 Aveiro, Portugal. 

4.1.  Experimental data and analysis 

Table 4. 1 compiles the measured solubilities along with the standard deviation (in brackets) 

of L-aspartic acid, L-phenylalanine, L-leucine, and glycine in the aqueous MgCl2, 

Mg(NO3)2, CaCl2, and Ca(NO3)2 solutions with a salt molality of 0, 0.5, 1.0 and 2.0 at 298.2 

K. In all the studied systems the absolute solubility follows the order Gly > Phe > Leu > 

Asp, as in pure water. The maximum coefficient of variation (standard deviation/aver-

age*100) is 3.5% (system water/calcium nitrate/aspartic acid, 1 mol·kg-1 salt concentration), 

being lower than 1% in about 79% of cases. 

Table 4. 1. Solubility of the amino acids (g of AA/1000 g of H2O), (standard deviation in 
brackets) in aqueous solutions of salts at different molalities, T = 298.2 K and p = 0.1 MPa.a 

 
Electrolyte 

molality 

(mol/kg of 
H2O) 

SAA (g of AA/1000 g of H2O 

Salts 

Glycine  L-leucine L-phenylalanine L-aspartic acid 

No salt 0.000 238.332 

(0.127) 

21.544 

(0.070) 

28.347  

(0.083) 

5.140  

(0.031) 
MgCl2 0.500 272.843 

(0.143) 
24.939 
(0.082) 

32.632  
(0.043) 

6.722  
(0.051) 

1.000 293.517 
(0.340) 

24.465 
(0.049) 

33.012  
(0.138) 

7.917  
(0.172) 

2.000 370.316 
(0.394) 

28.497 
(0.119) 

34.289  
(0.202) 

10.300  
(0.143) 
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Mg(NO3)2 0.500 303.191 

(0.168) 

29.895 

(0.076) 

42.916  

(0.066) 

8.649  

(0.051) 
1.000 355.417 

(0.052) 

36.981 

(0.226) 

54.307  

(0.456) 

11.443  

(0.328) 
2.000 519.400 

(0.153) 
51.925 
(0.146) 

76.838  
(0.184) 

18.414 
(0.380) 

CaCl2 0.500 294.982 
(0.985) 

26.275 
(0.080) 

34.812  
(0.164) 

8.421  
(0.128) 

1.000 354.148 
(0.700) 

29.801 
(0.064) 

39.420  
(0.767) 

9.951  
(0.077) 

2.000 489.824 

(0.650) 

35.734 

(0.385) 

44.668  

(0.081) 

15.497  

(0.189) 
Ca(NO3)2 0.500 316.463 

(0.312) 

30.768 

(0.429) 

44.111  

(0.143) 

9.492  

(0.010) 
1.000 393.988 

(0.378) 
38.170 
(0.169) 

57.899  
(0.352) 

13.418  
(0.470) 

2.000 578.196 
(0.094) 

54.255 
(0.391) 

90.694  
(0.458) 

23.830  
(0.451) 

au(salt molality) = 0.001 mol·kg-1, ur(SAA) = 0.05, u (T) = 0.1 K and ur (p) =0.05. 

Figure 4. 1 presents the relative solubilities of glycine, L-leucine, L-phenylalanine, and L-

aspartic acid in aqueous MgCl2, Mg(NO3)2, CaCl2 and Ca(NO3)2 solutions. All the salts with 

divalent cations induce a salting-in effect over the whole salt concentration range for all the 

AA. L-aspartic acid, the most polar AA due to the presence of a second negatively charged 

hydrophilic carboxyl group (-CH2COO-) in the side chain, presents the highest salting-in 

magnitude in all the aqueous salt solutions studied, which can attain a relative solubility of 

4.6 in a 2 mol/kg calcium nitrate aqueous solution. The ranking differs mostly with the anion 

type, the relative solubilities in aqueous MgCl2 and CaCl2 solutions follow the order Asp > 

Gly > Leu  Phe, while in the aqueous Mg(NO3)2 and Ca(NO3)2 solutions, the ranking is Asp 

> Phe > Leu  Gly. The main difference is connected to the relative position of Phe and Gly, 

which confirms that nitrate anions are more effective in interacting with the apolar moieties 

of the AA, increasing the solubility of phenylalanine, and even leucine, with a larger apolar 

side chain, when compared to glycine. 
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Figure 4. 1. Relative solubility of ◆, glycine; ▲, L-leucine; ■, L-phenylalanine, and ●, L-

aspartic acid in aqueous a) MgCl2; b) Mg(NO3)2; c) CaCl2; and d) Ca(NO3)2 solutions with 

different molalities at 298.2 K. 

Figure 4. 2 shows the effect of all the studied salts on the relative solubility of each amino 

acid. As observed previously with the monovalent cations, comparing salt  solutions with the 

same divalent cation, the effect of nitrate anion on the relative solubilities of all the AA is 

higher than with chloride anions. In fact, using MD simulations, Tomé et al.27 showed that 

interaction of the NO3
- anion with the hydrophobic groups of the AAs is more significant 

than with chloride, causing a larger solubility increase. In the Hofmeister series28, these an-

ions are close to each other, but the nitrate anion is more to the right side, i.e., to where 

salting-in anions are located. Maintaining the anion and changing the cation, the Ca2+ cation 

induces a salting-in effect with a higher magnitude than the Mg2+, again in consistency with 

the Hofmeister series where Ca2+ is the strongest salting-in cation. MD in systems with iso-

leucine as model AA showed very strong binding of the polyvalent cations to the carboxylate 

(COO)- group of the amino acid. As demonstrated in several works,37,163,164 this type of in-

teraction leads to the formation of stable complexes between the biomolecules and the diva-

lent cations. However, the magnitude of the peaks in the radial distribution functions, or the 

distance of its appearance, is not totally conclusive since the Ca2+ cation presents very similar 
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values compared to Mg2+. Nevertheless, both divalent cations present much stronger inter-

action than monovalent cations, but in both cases, interactions with the hydrophobic parts of 

the AA are not significant. 

Globally, glycine shows a salting-in effect with close magnitudes in Ca(NO3)2, Mg(NO3)2, 

and CaCl2 solutions, being that magnitude much lower in aqueous MgCl2 solution (evaluated 

at 2 mol/kg). L-leucine and L-phenylalanine present a salting-in effect with similar magni-

tudes in both nitrate solutions and much lower, even if with similar magnitudes, in the solu-

tions with the chloride anions. All the salts induce a salting-in effect in L-aspartic acid, being, 

among the studied AA, the one showing the larger change in solubility induced by all four 

salts studied. 

 

Figure 4. 2. Relative solubility of a) glycine; b) L-leucine; c) L-phenylalanine, and d) L-

aspartic acid in aqueous ○, MgCl2; □, Mg(NO3)2; ○, CaCl2; □, Ca(NO3)2 solutions with dif-

ferent salt molalities at 298.2 K. 

For L-leucine, L-phenylalanine, and L-aspartic acid, no data in the studied aqueous salt so-

lutions were found in the literature, and no comparisons can be presented. The solubility of 

Gly was studied in aqueous MgCl2 solutions,47,80 but not at 298.2 K. However, in the tem-

perature range between 293.2 and 303.2 K, in a two mol/kg MgCl2 solution the relative 
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solubility is close to 1.6,47 while in this work at 298.2 K the corresponding value is close to 

1.55, showing good coherence between both works. As shown in Figure 4. 3, a comparison 

can be made for the relative solubility of Gly in aqueous CaCl2 solutions. In both works, a 

salting-in effect is observed, but the magnitude differs significantly at higher concentrations. 

A similar situation was also reported by Tomé et al.40 for DL-alanine in an aqueous CaCl2 

solution. As discussed above, in the case of monovalent cations, and by Tomé et al.40, the 

data from El-Dossoki42 need to be carefully checked as multiple significant discrepancies 

have been found. 

 
Figure 4. 3. Relative solubility of glycine in aqueous CaCl2 solution at 298.2 K: ◆, (this 

work); ◇, El-Dossoki42. Lines are a guide to the eyes. 

Figure 4. 4 shows the relative solubility of glycine, L-leucine, L-phenylalanine, and L-as-

partic acid in 2 mol/kg aqueous solutions of the salts combining one of the Na+, K+, NH4
+, 

Mg2+, Mg2+ cations with the Cl- or NO3
- anion, at 298.2 K. Comparing the effect of the salts 

with the same anion, the divalent cations induce a much higher salting-in effect than the salts 

with the monovalent cations for all AA. In the case of Gly, both salts with the divalent cations 

and the chloride anion show higher relative solubility than those with the monovalent cations 

and the nitrate anions. The apolar moiety in Gly is very small, and the balance is much fa-

vorable for the interaction of the divalent cation with the carboxylate if compared to the 

interaction between the nitrate and Gly. For the rest of the AAs, the order differs. Accord-

ingly, the results in the solution with L-leucine and NH4NO3 show a salting-in effect of the 

same magnitude as MgCl2, while in L-phenylalanine, with an apolar aromatic side chain, the 

salting-in effect of NH4NO3 is comparable to that observed in aqueous CaCl2 solutions (with 

the strongest salting-in cation). This is a consequence of the nitrate anion interaction27 with 

the apolar AA moieties leading to a more relevant salting-in effect. Comparing divalent 
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cations, the salting-in effect enhancement when moving from chloride to nitrate is highest 

in L-phe, similar for L-leu and L-asp, and the lowest in Gly. 

Additionally, that enhancement is more significant in magnesium than calcium salts. When 

fixing the anion, the salting-in change, moving from magnesium to calcium salts, is more 

evident in chlorides, while monovalent to divalent cations are more significant in nitrates. 

Despite its small apolar region, L-asp is the only AA showing a similar salting-in effect in 

aqueous MgCl2 as in all nitrate solutions of monovalent cations. 

 

Figure 4. 4. Relative solubility of glycine, L-leucine, L-phenylalanine, and L-aspartic acid 
in 2 mol/kg aqueous solutions of MgCl2, Mg(NO3)2, CaCl2, Ca(NO3)2, NaCl, NaNO3, KCl, 

KNO3, NH4Cl, and, NH4NO3 at 298.2 K. 
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4.2.  Effect of the AA structure 

The effect of the AA side chain was studied by collecting data from different AA in aqueous 

solutions of chloride salts, found in the open literature, and analyzed  all together with those 

measured in this work. For aqueous MgCl2 solutions, results were found just for three AA 

(DL-alanine, L-valine, and L-isoleucine)79. Figure 4. 5 presents the relative solubility 

change in aqueous MgCl2 solutions, showing a salting-in effect with the seven AA. L-aspar-

tic acid with the polar acidic side chain shows the highest salting-in, followed by glycine 

with just hydrogen as the side chain, followed by DL – alanine, which has an additional 

methyl group, compared to glycine. As the AA with larger apolar groups show a very similar 

salting-in effect, Figure 4. 5b is presented to understand the AA ranking more easily. The 

branched-chain aliphatic AA, L-leucine and L-isoleucine, isomers differing slightly in their 

chemical structure, are followed by L-valine, which has one methylene group less than leu-

cine or isoleucine but is bulkier. This is consistent with having, among all AA studied, L-

phenylalanine as the one presenting the lowest salting-in effect. 

 

Figure 4. 5. Relative solubility of different AAs in aqueous MgCl2 solution at 298.2 K: ●, 
L-aspartic acid (this work); ■, L-phenylalanine (this work); ▲, L-leucine (this work); ◆, 

glycine (this work); ●, DL-alanine79; ◇, L-valine79; ○, L-isoleucine79. Lines are a guide to 

the eyes. 

Figure 4. 6 shows a similar comparison in aqueous CaCl2 solutions. This salt induces a 

salting-out effect just for L-lysine.56 Lysine is an alkaline, aliphatic AA whose side chain L-

lysine ((CH2)4NH2) contains one extra amino group. This demonstrates that besides the weak 

interaction of chloride anion with the alkyl moieties of the molecule, it also reveals the low 

interaction of chloride anion with the amine group of the AA. This is surprising as the strong 

interaction of Ca2+ with the carboxylate is somehow lost by the presence of a large hydro-

phobic group, which did not happen with isoleucine, for instance. However, the data seems 
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unreliable, also due to the very close salting-out magnitudes caused by NaCl or CaCl2, as 

reported by El-Dossoki et al.56. The presence of two -COOH groups in L-aspartic acid and 

the polar, hydrophilic -OH group in DL-serine (increases the polarity of its hydrocarbon side 

chain) lead to a more pronounced salting-in effect. The thiol side chain (-SH) of L-cysteine 

seems to be a reason for the very pronounced salting-in at the salt infinite dilution, bringing 

some doubts again on data reliability as no changes in the solubility are observed at higher 

salt molalities. In terms of the AA with a completely apolar side chain, after glycine, salting-

in decreases in the order DL-alanine (R = -CH3), L-leucine (R = -C4H9), L-phenylalanine (R 

= - CH2C6H5), L-valine (R = -C3H7), and L-isoleucine (R = -C4H9) showing a salting-in 

effect with very close magnitudes. In aqueous MgCl2 solution the relative solubility order of 

AA with apolar side chains follow: DL-ala > L-leu > L-ile > L-val > L-phe while in CaCl2: 

DL-ala > L-leu > L-phe > L-ile. All the AA studied in this work and DL-alanine, L-isoleu-

cine and L-valine show salting-in effects with higher magnitudes in aqueous CaCl2 solutions. 

 
Figure 4. 6. Relative solubility of different AAs in aqueous CaCl2 solution at 298.2 K: ●, L-
aspartic acid (this work); ■, L-phenylalanine (this work); ▲, L-leucine (this work); ◆, gly-

cine (this work); ●, DL-alanine40; +, DL-serine42; ○, L-cysteine56; ◇, L-valine40; ○, L-iso-

leucine40; ○, L-lysine56. Lines are a guide to the eyes. 

4.3.  The pH of the saturated solutions 

The pH of each saturated solution was also measured at 298.2 K and the values listed in  

Table 4. 2. As the pHs of the solutions are very close to the isoelectric point, it can be con-

cluded that AAs in the saturated solutions are in the zwitterionic form (dipolar ions), which 

was also confirmed by the microspecies distribution as a function of pH presented in 

Appendix B. 
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Table 4. 2. pH values for the different AA saturated solutions in aqueous electrolyte solu-

tions at 298.2 K.a 

  

Amino acids 

pH range in the ternary solution 

MgCl2 Mg(NO3)2 CaCl2 Ca(NO3)2 

Glycine 5.56-5.97* 5.79-5.97* 5.91-5.97* 5.97*-6.04 

Leucine 5.72-5.98* 5.72-5.98* 5.94-5.98* 5.98*-6.04 

Phenylalanine 5.25-5.48* 5.39-5.48* 5.47-5.48* 5.48*-5.70 

Aspartic acid 2.55-2.77* 2.46-2.77* 2.48-2.77* 2.57-2.77* 

aSaturated solution in water1. u (pH) = 0.05, u (T) = 0.1 K. 

4.4. The solid phase studies 

Cell parameters for glycine, L-aspartic acid, L-phenylalanine and L-leucine from supplier 

are already described in Table 3. 4. Table 4. 3 presents the structure, cell parameters, CCDC 

code, and references relative to the crystal forms found in aqueous electrolyte solutions. 

As in aqueous solutions of salts with the monovalent cations, here also in all four aqueous 

electrolyte solutions glycine solid phase is only in the hexagonal crystal system, the γ-form 

(Appendix C: Figure C 8) and the crystalline form of the other amino acids in equilibrium 

with the saturated solutions containing the different electrolytes does not change compared 

to the structure found in the solid from the supplier (Appendix C: Figure C 9, Figure C 10 

and Figure C 11). The only exception is for phenylalanine (Appendix C: Figure C 11) in 

aqueous solutions MgNO3, containing a second phase. Searching in the ICDD database (ver-

sion 2022), it was impossible to identify this second phase. 
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Table 4. 3. Cell parameters for amino acids in aqueous solutions of chloride or nitrate salts 

of divalent (Mg2+ or Ca2+) Cations determined by single crystal X-ray diffraction and com-
parison with published data in CCDC Cambridge database. 

Sample Crystal form CCDC code Reference 

Gly-CaCl2 
Gly-CaNO3 
Gly-MgNO3 

Gly-MgCl2 

Hexagonal P (γ-glycine) 

a=b=6.96Å;Å; c=5.43 Å 
a=b=7.01Å;Å; c=5.49 Å 

a=b=7.02Å;Å; c=5.50 Å 
powder 

1416374 Jiang et al.157 

aa-CaCl2 
aa-CaNO3 

aa-MgNO3 
aa-MgCl2 

Monoclinic P 
a=5.14 Å; b=6.93 Å; c=7.61 Å; 

= 100.57o 

a=5.15 Å; b=6.97 Å; c=7.63 Å; 

= 100.53o 

powder 

powder 

652520 
Bendeif and 

Jelsch158 

Phe-CaNO3 
Phe-MgNO3  

Powder 
powder 

1012155 Ihlefeldt et al.159 

Leu-CaCl2 

Leu-CaNO3 

Powder 

powder 
1508364 Binns et al.160 

  



 

 

 

 

Chapter 5 – Solubilities of amino acids in 

aqueous solutions of salts with the thiocya-

nate or tosylate anion. 
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This chapter includes the measurement of the solubility of glycine, L-leucine, L-phenylala-

nine, and L-aspartic acid in aqueous NaSCN, KSCN, NH4SCN and Na-tosylate solutions at 

298.2 K. The pH of the saturated solutions and the results of the solid phase studies are also 

presented. 

I declare that I have provided all the solubility measurements of AAs in aqueous salt solu-

tions and monitored the pH of the saturated solution. The solid-phase studies were performed 

by Paula Brandão from CICECO - Aveiro Institute of Materials, Department of Chemistry, 

University of Aveiro, 3810-193 Aveiro, Portugal. 

5.1. Experimental data and analysis 

Table 5. 1 reports the measured solubilities and the standard deviation (in brackets) of L-

aspartic acid, L-phenylalanine, L-leucine, and glycine in the aqueous NaSCN, KSCN, 

NH4SCN and Na-tosylate solutions with a salt molality of 0, 0.5, 1.0 and 2.0 at 298.2 K. In 

all the studied systems the absolute solubility follows Gly > Phe > Leu > Asp, which matches 

the solubility in pure water. The maximum coefficient of variation is 2.9% in the system 

water/potassium thiocyanate/L-aspartic acid at 0.5 mol·kg-1 salt concentration. 

Table 5. 1. Solubility of the amino acids (g of AA/1000 g of H2O), (standard deviation in 
brackets) in aqueous salt solutions at different molalities, T = 298.2 K and p = 0.1 MPa.a 

 
Electrolyte 

molality 

(mol/kg of 
H2O) 

SAA (g of AA/1000 g of H2O) 

Salts 

Glycine  L-leucine L-phenylalanine L-aspartic acid 

No salt 0.000 238.332* 

(0.127) 

21.544* 

(0.070) 

28.347*  

(0.083) 

5.140*  

(0.031) 
NaSCN 0.500 253.508 

(0.043) 
23.946 
(0.123) 

32.221  
(0.121) 

6.615  
(0.064) 

1.000 266.399 
(0.379) 

24.806 
(0.125) 

36.221  
(0.251) 

7.586  
(0.061) 

2.000 299.763 
(0.177) 

27.167 
(0.219) 

41.939  
(0.600) 

10.324  
(0.166) 

KSCN 0.500 250.235 

(0.093) 

23.928 

(0.022) 

33.245  

(0.265) 

6.619  

(0.193) 
1.000 260.997 

(0.770) 

24.606 

(0.020) 

36.858  

(0.052) 

8.170  

(0.082) 
2.000 286.383 

(0.283) 
26.820 
(0.161) 

42.874  
(0.043) 

10.616 
(0.091) 

NH4SCN 0.500 252.357 
(0.621) 

24.956 
(0.167) 

34.462  
(0.214) 

6.853  
(0.059) 
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1.000 268.018 

(0.503) 

28.109 

(0.325) 

41.790  

(0.799) 

8.820  

(0.098) 
2.000 297.828 

(0.348) 

31.442 

(0.124) 

54.377  

(0.346) 

11.245  

(0.226) 
Na-tosyl-

ate 
0.500 236.834 

(0.272) 
22.095 
(0.066) 

34.267  
(0.466) 

6.994  
(0.114) 

 1.000 230.152 
(0.302) 

24.453 
(0.166) 

41.407  
(0.280) 

8.530  
(0.131) 

 1.500 – – 50.709 
(0.104) 

– 

 2.000 255.512 

(1.147) 

32.540 

(0.198) 

36.888  

(0.656) 

11.237  

(0.240) 
au(salt molality) = 0.001 mol·kg-1, ur(SAA) = 0.05, u (T) = 0.1 K and ur (p) =0.05. 

Figure 5. 1 shows the relative solubilities of all the studied AAs in different aqueous salt 

solutions at 298.2 K. All the thiocyanate salts induce a salting-in effect over the whole salt 

concentration range for all the AA. The magnitude of a salting-in effect of each AA is very 

similar in all the aqueous salt solutions with the different monovalent cations, except the Leu 

in aqueous NH4SCN solution, where the magnitude is higher as the relative solubility of Leu 

in aqueous NH4SCN solution gets very close to that of Phe, and not glycine as observed for 

the other salt solutions. The relative solubility follows the order Asp > Phe > Leu  Gly in 

the aqueous solutions of salt with the sodium and potassium cations as in the aqueous 

Mg(NO3)2 and Ca(NO3)2 solutions. With the ammonium cation the ranking is Asp > Phe  

Leu > Gly. That is, L-aspartic acid with the polar side chain presents the highest salting-in 

effect. Amino acids with the apolar groups – leucine and phenylalanine show higher salting-

in effect than glycine that is the simplest AA, thus demonstrating the interaction of the thio-

cyanate anion with the apolar moieties of the AA. In line with the conclusions of Chapter 1 

and from the MD simulations studies27 the results here reported also show that the monova-

lent cations do not interact with the hydrophobic groups of the AA and the binding with the 

carboxylate groups of the AA is less favorable. 
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Figure 5. 1. Relative solubility of ◇, glycine; ▲, L-leucine; □, L-phenylalanine, and ●, L-

aspartic acid in aqueous a) NaSCN; b) KSCN, and c) NH4SCN solutions with different mo-
lalities at 298.2 K. 

During the extensive literature review on the solubility of AA in electrolyte solutions (Table 

1. 1) no solubility data of AA in aqueous solutions of salts with the thiocyanate anions was 

found and therefore, no comparison could be provided. 

The relative solubilities of all the studied four AA in Na-tosylate solution at 298.2 K is given 

in Figure 5. 2. Globally, Na-tosylate induces a salting-in effect for all the AA, excepting 

glycine, where the effect is very weak. Until 1 mol/kg of H2O the relative solubility follows 

the same order as in aqueous NaSCN and KSCN solutions being L-asp > L-phe > L-leu > 

Gly. At mol/kg of H2O the solubility of phenylalanine decreases and the ranking changes to 

L-asp > L-leu > L-phe > Gly. Due to this change, the solubility of phenylalanine was also 

studied at 1.5 mol/kg of H2O to check the magnitude of a salting-in effect. It was observed 

that the relative solubility decreases after 1.5 mol/kg of H2O. The solid-phase analysis of the 

sample taken after the solubility studies in 2 mol/kg of H2O of Na-tosylate solution showed 

peaks that do not belong to the phenylalanine structure suggesting that the solid phase was 

not the expected. As the sodium cation does not show a strong interaction with the amino 



 

 

86 

 

acids27, it can be concluded that toluenesulfonate anion interacts with the apolar parts of the 

amino acids and increasing their solubilities. 

 

Figure 5. 2. Relative solubility of ◇, glycine; ▲, L-leucine; □, L-phenylalanine, and ●, L-

aspartic acid in aqueous Na-tosylate solution with different molalities at 298.2 K. 

To evaluate the effect of the inorganic and organic anions on the solubility of the studied 

amino acids the salts with the sodium cations were chosen. Figure 5. 3 shows the relative 

solubility of glycine, L-leucine, L-phenylalanine and L-aspartic acid in aqueous NaCl, 

NaNO3, NaSCN and Na-tosylate solutions at 298.2 K. Additionally, to evaluate the effect of 

the anion (SCN- is placed on the extreme left side of the Hofmeister series) the solubility 

data in aqueous Na2SO4 solution70 was also added for glycine, selected considering the con-

sistency analysis discussed in Chapter 3. As the solubility of phenylalanine in 2 mol/kg of 

H2O of aqueous Na-tosylate solution decreased sharply, and the solid-phase analysis showed 

that the precipitate was not pure phenyalanine, a measurement was also carried out at 1.5 

mol/kg of H2O. Thus, the relative solubilities of L-leucine, L-phenylalanine, and L-aspartic 

acid followed the same order: tosylate > thiocyanate > nitrate > chloride, what shows that 

the anion effect on the solubility of these amino acids is in agreement to the Hofmeister 

series. For glycine the tosylate anion completely reversed the effect, inducing a very weak 

salting-in, and even a salting-out at 0.5 and 1 mol/kg of H2O. The reason of this can be the 

fact that the glycine from the supplier used in the analysis with Na-tosylate was α-form, and 

not a mixture of α and γ form, as in all other systems. This shows the importance of checking 

the solid phase present in solubility measurements. The thiocyanate anion, which is the 

strongest inorganic salting-in anion, for glycine induced a salting-in effect with lower mag-

nitude than the nitrate and even sulphate anions. Although the sulphate anion is a strong 

salting-out agent in the Hofmeister series, it induces a salting-in effect with very small amino 
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acids like glycine27. The solubility ranking observed is thus nitrate > sulphate > thiocyanate 

> chloride > tosylate. Even if the increase on the solubility with sodium tosylate is not sig-

nificant, meaning that it does not act as real hydrotrope for L-aspartic acid due to its small 

apolar region and its significant polarity, it is the salt with the most relevant effect, showing 

the importance of the hydrophobic parts of both solute and hydrotrope, but also the much 

higher effect of the interaction between the apolar part of the AA with the anions. 

 
 
Figure 5. 3. Relative solubility of a) glycine; b) L-leucine; c) L-phenylalanine, and d) L-

aspartic acid in aqueous ○, NaCl; □, NaNO3; △, NaSCN; x, Na2SO4
70 and ◇, Na-tosylate 

solutions with different molalities at 298.2 K. 

5.2. The pH of the saturated solutions 

The pH of the saturated  solutions was also measured at 298.2 K and is presented in Table 

5.2. All amino acids are mainly in the zwitterionic form in the saturated solutions, and this 

can be confirmed by the microspecies distribution as a function of pH presented in Appendix 

B. 
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Table 5. 2. pH range of saturated solutions of glycine, L-leucine, L-phenylalanine and L-

aspartic acid in aqueous NaSCN, KSCN, NH4SCN and Na-tosylate solutions at 298.2 K. 

 pH range in the ternary solution 

AA NaSCN KSCN NH4SCN Na-tosylate 

Gly 5.97*-6.11 5.97*-6.24 5.97*-6.03 5.97*-7.22 

Leu 5.95-5.98* 5.98*-6.84 5.51-5.98* 5.98*-8.15 

Phe 5.48*-5.54 5.48*-6.32 5.48*-5.60 5.48*-8.03 

Asp 2.68-2.77* 2.77*-2.79 2.73-2.77* 2.77*-3.80 

* Saturated solution in water1. u (pH) = 0.05, u (T) = 0.1 K. 

5.3. The solid phase studies 

The solids from the supplier were analyzed by single crystal X-ray diffraction and the infor-

mation is already presented in Table 3. 4. As in aqueous solutions of salts with the monova-

lent and divalent cations, here also in all three aqueous tosylate solutions glycine solid phase 

is a mixture of two phases, a monoclinic corresponding to the α-form and a hexagonal cor-

responding to γ-form (Appendix C: Figure C 1). The other amino acids from the supplier, 

including the glycine (monoclinic, α-form, Figure C 21) used in analysis with Na-tosylate, 

show a single phase and are well characterized in the literature (Figure C 3, Figure C  and 

Figure C 5). In all four aqueous solutions glycine solid phase (Figure C 12) is only in the 

hexagonal crystal system, the γ-form. The crystalline forms of the other amino acids (Figure 

C 13, Figure C 14 and Figure C 16) in equilibrium with the saturated solutions containing 

the different salts do not change compared to the structures found in the solids from the 

suppliers. The exception is for phenylalanine in aqueous Na-tosylate solution at 2 mol/kg of 

H2O. The analysis of the crystals obtained after the crystallization showed that the peaks do 

not belong to phenylalanine (Figure C 15) and could be a mixture of compounds from some 

chemical modification of the the initial reagents. The crystals were also obtained after the 

solubility studies of phenylalanine in 1.5 mol/kg of H2O Na-tosylate solution (Figure C 14) 

and it was found that the solid phase did not change compared to the structure found in the 

original solid from the supplier. 

 



 

 

 

 

Chapter 6 – Solubilities of aromatic and 

dicarboxylic amino acids in aqueous solu-

tions of salts. 
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This chapter includes the solubility measurements of L-aspartic acid, L-glutamic acid, L-

tryptophan and L-tyrosine in aqueous KCl and (NH4)2SO4 solutions at 298.2 K. The relative 

solubility data obtained in this work were compared to literature data for other amino acids 

in the same electrolyte solutions to establish a relative solubility ranking connected to their 

structure. Finally, all the solubility data were modeled using the electrolyte Perturbed-Chain 

Statistical Association Theory (ePC-SAFT). The pH results and the results of the solid phase 

studies are also presented. 

I declare that I have provided all the solubility measurements of AAs in aqueous salt solu-

tions, and monitored the pH of the saturated solution, except for the solubility measurements 

of L-aspartic acid in aqueous (NH4)2SO4 solution and L-glutamic acid, and L-tryptophan in 

aqueous KCl and (NH4)2SO4 solutions, which were studied by Carina Silva. I additionaly 

wrote the manuscript. The solid-phase studies were performed by Paula Brandão from 

CICECO - Aveiro Institute of Materials, Department of Chemistry, University of Aveiro, 

3810-193 Aveiro, Portugal, and ePC-SAFT was modeled by Crystoph Held from the Labor-

atory of Thermodynamics, Department of Biochemical and Chemical Engineering, TU Dort-

mund University, Emil-Figge-Str. 70, 44227 Dortmund, Germany. 

6.1. Experimental data and analysis 

The experimental solubility and the standard deviation (in brackets) of L-aspartic acid, L-

glutamic acid, L-tryptophan and L-tyrosine in aqueous KCl and (NH4)2SO4 solutions, with 

salt concentrations up to 2.0 mol/kg, at 298.2 K is given in Table 6. 1. The solubility in pure 

water follows the order: Try > Glu > Asp > Tyr. In aqueous KCl solution, at 2 molal, the 

solubility of L-glu is higher than the solubility of L-try, and in aqueous (NH4)2SO4 solution, 

except for 0.5 molal, the solubility of L-glutamic acid is higher than the solubility of L-try. 

The solubility of L-aspartic acid in aqueous (NH4)2SO4 solution, at 1.5 and 2 molal is higher 

than the solubility of L-tryptophan. The maximum coefficient of variation is 3.4% in the 

system water/ammonium sulfate/L-tyrosine at 0.7 mol·kg-1 salt concentration, being lower 

than 1% in about 67% of cases. 
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Table 6. 1. Solubility of the amino acids (g of AA/1000 g of H2O), (standard deviation in 

brackets) in aqueous KCl and (NH4)2SO4 solutions at different molalities, T = 298.2 K and 
p = 0.1 MPa.a 

Salt 

Salt molal-

ity/ 
(mol/(kg of 

H2O) 

SAA (g of AA/1000 g of H2O) 

L-aspartic 
acid 

L-glutamic 
acid 

L-trypto-
phan 

L-tyrosine 

No salt 
0.000 5.140 

(0.031)b 
8.568 

(0.029) 
12.639 
(0.045) 

0.427 
(0.002) 

KCl 

0.300  9.760 
(0.024) 

12.782 
(0.072) 

0.434 
(0.008) 

0.700  10.404 

(0.028) 

12.952 

(0.067) 

0.412 

(0.004) 

1.000  10.716 
(0.060) 

12.509 
(0.057) 

0.394 
(0.010) 

1.500  11.264 

(0.139) 

12.051 

(0.032) 

0.379 

(0.009) 

2.000  11.677 
(0.077) 

11.134 
(0.017) 

0.345 
(0.017) 

(NH4)2SO4 

0.333 7.228 

(0.028) 

11.376 

(0.038) 

13.084 

(0.069) 

0.457 

(0.012) 

0.700 8.899 
(0.053) 

12.484 
(0.050) 

12.166 
(0.057) 

0.437 
(0.015) 

1.000 9.999 

(0.056) 

13.236 

(0.004) 

11.522 

(0.196) 

0.407 

(0.013) 

1.500 10.998 
(0.135) 

14.177 
(0.114) 

9.992 
(0.096) 

0.353 
(0.008) 

2.000 12.116 

(0.350) 

13.980 

(0.332) 

8.778 

(0.123) 

0.300 

(0.004) 
au(salt molality) = 0.001 mol·kg-1, ur(SAA) = 0.05, u (T) = 0.1 K and ur (p) =0.05. bSolubility data of L-aspartic 

acid in water and in aqueous KCl solution is given in Table 3. 1. 

For all amino acids, their solubilities in pure water at 298.2 K were already reported by 

several authors, as collected in Table 1. 5. It should be mentioned that, in many cases, the 

solid phase structure was not registered. The literature average and standard deviation were 

calculated for comparison purposes and are also reported in Table 1. 5. As can be seen, the 

values measured in this work generally agree with the literature. For L-tryptophan a differ-

ence to the literature average close to 0.9 g per 1000 g of water was found . Nevertheless, the 

standard deviation of the seven values collected in the literature is also high (1.2 g of 

AA/1000 g of H2O). 

Figure 6. 1 presents the relative solubility for the studied systems. The solubility of L-Asp 

in KCl aqueous solutions reported previously is also included for comparison purposes. A 

salting-in effect is observed in both electrolyte solutions for L-Asp and L-Glu. For the more 
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hydrophobic amino acids, L-Trp and L-Tyr, a very small salting-in effect at lower concen-

trations is observed, followed by a decrease in the relative solubility that shows salting-out 

at higher salt molalities. At higher molalities the ammonium sulfate is a stronger agent both 

as salting-in (L-Asp and L-Glu) or salting-out (L-Trp and L-Tyr). Considering the four 

amino acids, the ranking of the relative solubility in KCl is L-Tyr < L-Trp < L- Glu < L-

Asp. In the case of the solutions containing (NH4)2SO4, the aromatic amino acids swap their 

position: L-Trp < L-Tyr < L- Glu < L-Asp.  

 

Figure 6. 1. Relative solubility of the amino acids in aqueous solutions of a) KCl and b) 

(NH4)2SO4, at 298.2 K. ●, L-aspartic acid; ■, L-glutamic acid; ▲, L-tryptophan and x, L-
tyrosine. Lines were calculated with ePC-SAFT using the parameters from Table 2. 2, Table 

2. 3 and Table 6. 3. 

Regarding the aqueous saline solutions, only the solubility of L-Glu in aqueous KCl solu-

tions was reported by other researchers58 and are compared with our data in Figure 6. 2. As 

can be seen, the salting-in effect obtained in this work differs considerably from the salting-

out published by Abualreish and Noubigh58. For the sake of comparison, the impact of NaCl 

on the solubility of L-Glu measured by Bretti et al.57 is also represented in Figure S5. As can 

be seen, both NaCl and KCl (our data) induce a similar salting-in effect, which follows the 

same behavior obtained from the analysis of the results of other amino acids with the same 

chloride salts165, thus supporting the consistency of our results.  
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Figure 6. 2. Relative solubility of L-glutamic acid as a function of salt molality at 298.2 K: 
◆, NaCl57; ■, KCl (this work); ▲, KCl58. Lines are a guide to the eyes. 

The solubility of L-Trp and L-Tyr in aqueous solutions of NaCl presented in literature could 

not be compared with our results because of the concentration scale (molarity) or data avail-

able only for the DL mixture of isomers. Still, it was possible to notice that they also induce 

a salting-out effect44,45,54,60 as observed here for KCl, at larger molalities (0.7 mol·kg-1 for L-

Tyr and 1.0 mol·kg-1 for L-Trp). 

The molecular level interpretation of these data can be partly supported by previous results 

from molecular dynamics studies in which both the anion and cations effects were evaluated. 

Tome et al.27 proposed a mechanism based on the type and strength of the interactions be-

tween the anions and the nonpolar moieties of the amino acids alanine, valine, isoleucine, 

and 2-aminodecanoic acid. The interactions between the high charge density sulfate anion 

and the apolar moieties of the amino acids were absent, as this anion showed a stronger 

interaction with the charged groups. In turn, the chloride anion should have a lower impact 

on the amino acid’s aqueous solubility as it interacts weakly with both polar and apolar seg-

ments27. Later, Tome et al.79 studied a series of salts that included the monovalent NH4
+ and 

K+, and their influence on the solubility of alanine, valine, and isoleucine. The simulation 

results showed that no significant interactions occurred between these cations and the apolar 

parts of the studied amino acids, even if the interactions of the ammonium ion were some-

what stronger. A more significant association of the ammonium cation to the carboxylate 

group was found, compared to K+, that may cause the formation of weak single charged 

positive complexes, which are more soluble in water. Those simulation results27,79 were ob-

tained for amino acids with apolar side chains such as isoleucine or valine and may assist  

the interpretation of the results obtained for L-Tyr and L-Trp, which have even larger apolar 
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side chains. In the case of the anion effect, the sulfate ion should cause a higher salting-out 

effect than Cl-, due to its lower interaction with the apolar regions of the amino acids, as 

confirmed by the higher magnitude of L-Tyr and L-Trp salting-out at higher molality if com-

pared to potassium chloride salt. Therefore, those interactions seem to prevail over the more 

significant interactions predicted for the NH4
+ when compared to K+.  

Considering the polar acidic amino acids, both contain an additional polar COOH group with 

a much higher affinity to interact with the cations. In this case, the attractive interactions of 

the ions with the oppositely charged groups of the amino acids (NH3
+ and COO-) seem to 

prevail over the interactions with the more hindered and smaller nonpolar moieties available 

in L-Asp and L-Glu. And, as mentioned above, those interactions with the charged groups 

are stronger using NH4
+ than K+, or SO4

2- compared to Cl-, supporting the stronger salting-

in effect of ammonium sulfate. Comparing the AA, it is also possible to see that the salting-

in is more pronounced for aspartic acid, probably due to the additional CH2 group in the 

structure of the more hydrophobic glutamic acid. 

Figure 6. 3 and Figure 6. 4 compare the solubility data measured in this work with literature 

data available for glycine (Gly) and other L-isomers of amino acids (L-alanine, L-Ala; L-

isoleucine, L-Ile; L-serine, L-Ser; L-threonine, L-Thr; L-Proline, L-Pro; L-valine, L-Val; L-

leucine, L-Leu; L-phenylalanine, L-Phe) in aqueous solutions of KCl and (NH4)2SO4, re-

spectively. The chemical structures of the AA are given in Appendix A: Figure A 1. The 

data were selected considering the consistency analysis discussed in Chapter 3.  

 

Figure 6. 3.  Relative solubility of: a) L-Asp - ●, (this work); L-Glu - ■, (this work); L-Ser 

- □, 74; L-Thr - ∆, 74; L-Pro - ○, 53, +, 49; Gly - x, (this work)  and b) L-Trp - ▲, (this work); 
L-Tyr - x, (this work); L-Ala - ■, 49; L-Ile - □, 74; L-Val - △, 49; L-Leu - ▲, (this work); L-

Phe - +, (this work) in aqueous KCl solution at 298.2 K. Lines were calculated with ePC-
SAFT using the parameters from Table 2. 2, Table 2. 3 and Table 6. 3.  

 



 

 

95 

 

 

Figure 6. 4. Relative solubility of: a) L-Asp - ●, (this work); L-Glu - ■, (this work); L-Ser - 
□, 6; L-Thr - ∆, 6; L-Pro - +, 49; Gly - x, 6 and b) L-Trp - ▲, (this work); L-Tyr - x, (this 

work); L-Ala - ■, 49; L-Ile - □, 6; L-Val - △, 49, ◇, 79 in aqueous (NH4)2SO4 solution at 298.2 

K. Lines were calculated with ePC-SAFT using the parameters from Table 2. 2, Table 2. 3 

and Table 6. 3. 

As can be seen, the ranking of their relative solubility, evaluated at 1.0 mol·kg-1 salt concen-

tration, is similar in both salt solutions:  

▪ L-Ile ≈ L-Leu ≈ L-Tyr ≈ L-Val ≈ L-Phe < L-Trp < L-Ala < L-Pro ≈ Gly ≈ L-Thr < 

L-Ser < L- Glu < L-Asp, in KCl solutions.  

▪ L-Ile < L-Trp ≈ L-Val ≈ L-Pro ≈ L-Tyr < L-Ala < L-Thr ≈ Gly < L-Ser < L-Glu < L-

Asp, in (NH4)2SO4 solutions. 

The pattern identified above may now be generalized for a much larger number of AA. It 

shows that, in general, (NH4)2SO4 induces a more significant effect on their aqueous solu-

bility than KCl, either it is salting-in on the more polar amino acids or salting-out on the less 

polar. Using as examples the AA in the extremes of the scale, at 2.0 mol·kg-1 salt concentra-

tion, the relative solubilities of the most polar L-Asp are 2.4 and 1.8 in (NH4)2SO4 and KCl 

solutions, respectively. And, for the apolar L-Ile, the relative solubilities are 0.6 and 0.8 in 

(NH4)2SO4 and KCl solutions, respectively. 

Upon adding the salts, a salting-in effect is also observed on the solubility of L-Ser and L-

Thr. Both amino acids have a polar hydroxyl group in their side-chain, but L-Thr has an 

additional -CH2- group compared to L-Ser which explains their relative solubility ranking. 

The simplest AA, glycine, also presents a salting-in effect6. The remaining amino acids have 

mostly apolar side-chains (aliphatic and aromatic), and salting-out effects are observed.  
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6.2. The pH of the saturated solutions 

The pH of the saturated  solutions was measured at 298.2 K and is presented in Table 6. 2. 

All amino acids are in the zwitterionic form in the saturated solutions, and this can be 

confirmed by the microspecies distribution as a function of pH presented in Appendix B. 

Table 6. 2. pH range of saturated solutions of AAs in aqueous (NH4)2SO4 or KCl solutions 

at 298.2 K. 

 pH range in the electrolyte solution 

AA (NH4)2SO4 KCl 

Asp 2.77*-3.27 2.77*-2.97 

Glu 3.22*-3.49 3.19-3.22* 

Try 5.37-5.89* 5.89*-5.98 

Tyr 5.19-5.66* 5.66*-5.92 
* Saturated solution in water1. u (pH) = 0.05, u (T) = 0.1 K. 

6.3. The solid phase studies 

The solid phases of the amino acids, as received from suppliers and filtrated from the satu-

rated ternary solutions containing a 2.0 mol·kg-1 salt concentration, were analyzed by powder 

and single crystal X-ray diffraction. For all solutes, the solid phase recovered from the ter-

nary mixtures kept the structure of the initial sample from the supplier (Appendix C: Figure 

C 17, Figure C 18, Figure C 19 and Figure C 20). 

Crystals of L-glutamic acid, as received from suppliers, were indexed by single crystal X-

ray diffraction with cell parameters a = 5.183 Å (u = 0.013 Å), b = 6.960 Å (u = 0.019 Å), c 

= 17.35 Å (u = 0.04 Å), orthorhombic P, at 150 K (u = 2 K) and density= 1.561 g/cm3 (u = 

0.012 g/cm3), where u in the parentheses are standard uncertainties. This result is comparable 

to that of the sample with CCDC deposition number 1587065 with Z = 4 and density = 1.603 

g/cm3, with data collected at 90 K165 (Figure C 17). Other comparable samples (CCDC 

deposition numbers 1206528, 1206531, 1515167 and 1877128), with data collected at room 

temperature, resulted in density values between (1.576-1.590) g /cm-3, which are closer to 

the value obtained in this work. In the case of L-aspartic acid, the cell parameters of the 

crystals are given in Table 3. 4. The crystal size of L-tryptophan (Figure C 19) and L-

tyrosine (Figure C 20) samples was very small, not allowing the cell parameters determina-

tion by single crystal X-ray diffraction. Thus, these samples were analyzed by powder X-ray 

diffraction showing all the same powder patterns as the samples with CCDC deposition 
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numbers 986569166 and 1208550167, respectively (Figures S3 and S4). These structures are 

comparable to those reported by Do et al. 99, for which the melting properties are available. 

6.4. Thermodynamic modeling 

The ePC-SAFT model allows the calculation of the solubility of amino acids in aqueous 

electrolyte solutions and might be applied in a predictive way, i.e., without using binary 

interaction parameters (kij) between the inorganic ions and the amino acid. kij are used to 

correct the geometric mixing rule of the dispersive energy uij of a mixture of two components 

i and j, obtained from the Lorentz–Berthelot combining rules: 

𝑢𝑖𝑗 = √𝑢𝑖𝑢𝑗 ∙ (1 − 𝑘𝑖𝑗) (6.1) 

Predicting the amino acid solubility upon salt addition yields results that are quite satisfying 

for a few systems only (e.g., nonpolar AA in water + (NH4)2SO4), while higher deviations 

for most of the systems were observed (e.g., amino acids with polar substituents in water + 

(NH4)2SO4). Consequently, it was decided to estimate the kij parameters between ions and 

amino acids; as ePC-SAFT is an ion-based modeling approach, two kij parameters (anion - 

amino acid and cation - amino acid) might be adjusted to experimental solubility data.  

To reduce the number of kij parameters, only one kij parameter was estimated for each ternary 

amino acid + water + salt system, using the experimental solubility data from this work and 

the literature. Knowledge from previous work indicates that ePC-SAFT rather overestimates 

the solubility of amino acids in salt solutions141. Thus, the kij parameters between any com-

bination of inorganic cation - amino acid was set to kij = 0.08, slightly reducing the interac-

tion energy between inorganic cations and the AA. Therefore, only the kij parameters be-

tween Cl- - amino acid and SO4
2- - amino acid were adjusted to experimental solubility of 

amino acid in the respective aqueous electrolyte solution at 298.2 K and 1 bar, and are listed 

in Table 6. 3.  
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Table 6. 3. ePC-SAFT binary 𝑘𝑖𝑗 parameters between inorganic anions and amino acid es-

timated in this worka. Valid only with the parameters in Table 2. 2 and Table 2. 3. 

Amino acid 
𝑘𝑖𝑗 Anion-AA 

Cl- SO4
2- 

Glycine -0.1 -0.2 

L-Alanine -0.1 0.2 

L-Valine 0 0.3 

L-Leucine -0.1 0.3 

L-Isoleucine -0.1 0.3 

L-Phenylala-

nine 
-0.1 0.3 

L-Serine -0.4 -0.5 

L-Threonine -0.15 0 

L-Aspartic acid -0.4 -0.5 

L-Glutamic 

acid 
-0.4 0 

L-Proline -0.2 1.0 

L-Tyrosine 0.1 0.6 

L-Tryptophan 0 0.6 

a For K+ and NH4
+, 𝑘𝑐𝑎𝑡𝑖𝑜𝑛 ,𝐴𝐴 = 0.08. 

It becomes obvious from Table 4 that kij parameters between several ions and amino acids 

of the same chemical class are very similar. In this manner, it can be inferred that kij param-

eters follow some trends: 

▪ # SO4
2- and amino acids with apolar side chains (Ala, Val, Leu, Ile, and Phe): positive  

kij values were found, which are 0.2 or 0.3. 

▪ # Cl- and amino acids with apolar side chains: slightly negative kij values equal to -

0.1. 

▪ # Cl- / SO4
2- and amino acids with polar/acidic side chains: negative kij values close 

to -0.4. 

Exceptions were found for the amino acids L-Pro, L-Tyr and L-Trp. Nevertheless, apart from 

these exceptions, the results suggest that these kij parameters might be transferable to other 

systems as well, which will be investigated in future work. 

The final correlations were already shown in Figure 6. 1, Figure 6. 3 and Figure 6. 4. As 

can be seen, the model is able to capture the general salting-in and salting-out trends for the 



 

 

99 

 

amino acids, though it only predicts the monotonic increase or decrease of the relative solu-

bility, not being able to describe the maximum values observed for some systems.   

Finally, to quantitatively evaluate the quality of the ePC-SAFT correlations, the average rel-

ative deviations (ARD) between calculated (“calc”) and experimental (“exp”) solubility val-

ues were obtained for each ternary system (water/electrolyte/amino acid), using the follow-

ing expression: 

𝐴𝑅𝐷(%) = 100 ∙
1

𝑁𝑃
∑ |

𝑆𝑘
𝑒𝑥𝑝 − 𝑆𝑘

𝑐𝑎𝑙𝑐

𝑆
𝑘

𝑒𝑥𝑝 |
𝑁𝑃

𝑘=1

 
(6.2) 

In this equation, NP is the total number of data points for each ternary mixture, and S repre-

sents the solubility of the amino acid (g amino acid/1000 g of H2O). The results are presented 

in Table 6. 4. The global ARD for the solubility over all the systems studied in this work is 

8% for KCl aqueous solutions and 10% for (NH4)2SO4. Higher deviations were obtained for 

the systems experimentally studied in this work, all higher than 14% in ammonium sulfate 

aqueous solutions, with the highest ARD of 22% and 17% being obtained for L-tryptophan 

in KCl and (NH4)2SO4 solutions, respectively. The ARD values for all the other systems, 

obtained from the literature review, is less than 10.6%.  

The results can be considered satisfactory as these systems are very difficult to represent not 

only due to the presence of the electrolyte, but also to the zwitterionic character of the AA. 

These difficulties have been shown in detail before74, when correlating the solubility data of 

AA in aqueous potassium chloride solutions at different temperatures using a complete cor-

relation model such as Pitzer–Simonson–Clegg168.  

Table 6. 4. The average ARD between ePC-SAFT and experimental solubility for N data 

points. 

    ARD Solubility 

  Asp Glu Trp Tyr  Gly 
Al
a Ile Ser  Thr Val Pro Leu 

Ph
e 

KCl 

ARD 
(%) 

9.6 7.8 
21.

5 
11.8 2.7 4.0 3.2 8.2 2.3 7.4 9.3 

10.

6 
2.9 

N 3 5 5 5 3 2 7 7 7 2 2+6 3 3 

Ref. a    a   a    a   a   49  74   74 74  49  49,53  a    a  

(NH4)2SO4 

ARD 
(%) 

14.2 14.6 
17.

2 
14.2 1.8 5.8 8.1 

10.

2 
6.1 10.4 7.1 - - 

N 5 5 5 5 8 2 8 8 8 4+2 2   

Ref. a  a    a  a   6  49  6   6 6  

49,79

  49      

a Measured in this work. 



 

 

 

 

Chapter 7 – The effect of pH on the solu-

bility of amino acids. 
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This chapter includes the effect of pH on the solubility of glycine, diglycine and N-acetyl-

glycine in water and in 1 molal Na2SO4 solution at 298.2 K. The obtained solubility results 

of glycine in water at different pHs were compared with the results found in the literature. 

Additionally, to check the effect of pH on the solubilities of amino acids with different po-

larities, the data published in the literature was collected. 

I declare that I have provided all the solubility measurements of AAs in aqueous salt solu-

tions and monitored the pH of the saturated solutions.  

7.1. Experimental data and analysis 

The solubilities of glycine, diglycine and N-acetylglycine with the standard deviation (in 

brackets) at different pH of the saturated solutions in water and in 1 molal Na2SO4 solution 

at 298.2 K, are given in Table 7. 1, together with the correspondent standard deviation. The 

solubilities of glycine and diglycine were studied in the pH range from 3 to 9/10, and the 

solubility of N-acetylglycine at pH from -0.25 to 4. In pure water and in 1 molal Na2SO4 

aqueous solution, without any addition of acid/base, the absolute solubility follows the order: 

glycine > diglycine > N-acetylglycine, while when pH is higher or lower to the isoelectric 

confition, the solubility of diglycine becomes larger than of glycine. The maximum coeffi-

cient of variation was 2.3% for N-acetylglycine in sodium sulfate solution, when pH is 0.18, 

being lower than 1% in about 95% of cases. 

Table 7. 1. Solubilities (g of solute/1000 g of H2O) of glycine, diglycine and N-acetylglycine 

at different pHs in water and 1 molal Na2SO4 solution at 298.2 K and p = 0.1 MPa (standard 
deviation between brackets).a 

Solvents 

Glycine Diglycine N-acetylglycine 

pH 
SAA (g of 

AA/1000 g 
of H2O) 

pH 
SAA (g of 

AA/1000 g 
of H2O) 

pH 
SAA (g of 

AA/1000 g 
of H2O) 

H2O 

3.24 
395.814 

(0.894) 
3.26 

643.786 

(0.253) 
-0.25 

35.434 

(0.086) 

3.27 
394.654 
(0.498) 

3.62 
513.127 
(0.218) 

-0.06 
37.385 
(0.160) 

3.60 
314.475 

(0.278) 
4.09 

307.709 

(0.253) 
0.21 

38.139 

(0.090) 

4.02 
260.027 
(0.078) 

4.31 
267.957 
(0.583) 

1.82* 
40.919 
(0.098) 

4.19 
253.251 
(0.784) 

5.66* 
227.794 
(0.781) 

2.75 
47.520 
(0.050) 



 

 

102 

 

4.88 
238.771 
(0.116) 

5.78* 
228.860 
(0.412) 

3.37 
64.115 
(0.063) 

5.98* 
238.332 
(0.127) 

5.81* 
227.695 
(0.090) 

3.67 
85.405 
(0.289) 

8.07 
240.988 
(0.292) 

7.73 
257.325 
(0.166) 

3.71 
102.523 
(0.073) 

8.94 
271.909 

(0.305) 
8.07 

301.691 

(0.659) 
3.92 

120.043 

(0.126) 

  8.17 
296.038 
(0.058) 

  

  8.53 
385.650 

(0.560) 
  

1 molal 
Na2SO4 

solution 

3.47 
340.342 
(0.478) 

3.37 
652.423 
(0.858) 

-0.20 
24.412 
(0.327) 

3.65 
320.798 

(0.077) 
3.66 

500.779 

(1.529) 
0.18 

24.118 

(0.548) 

3.96 
296.633 
(0.241) 

3.94 
411.985 
(0.664) 

2.53* 
30.607 
(0.211) 

4.41 
281.810 

(0.399) 
4.18 

341.143 

(0.488) 
3.24 

40.347 

(0.402) 

6.57* 
272.198 
(0.534) 

4.38 
308.651 
(0.802) 

3.79 
69.327 
(0.366) 

9.06 
283.305 

(0.297) 
6.14* 

271.661 

(0.300) 
3.94 

95.935 

(1.309) 

9.22 
287.545 
(0.068) 

7.58 
282.451 
(0.596) 

  

9.60 
305.783 
(0.168) 

7.87 
290.412 
(0.717) 

  

9.78 
320.603 
(0.384) 

8.11 
305.554 
(1.592) 

  

  8.62 
349.949 
(0.406) 

  

  8.62 
352.103 

(0.595) 
  

*Solubility in solvents without acid/base addition. au (pH) = 0.05, u(salt molality) = 0.001 mol·kg-1, ur(SAA) = 

0.05, u (T) = 0.1 K and ur (p) =0.05. 

The solubility values of diglycine and N-acetylglycine in pure water measured in this work 

at 298.2 K agree with the literature (Table 1. 7). 

Figure 7. 1 shows the solubilities of glycine, diglycine, and N-acetylglycine in pure water 

as a function of the pH at 298.2 K. As can be seen, adding either acid or base produced 

relevant changes to the solubility in pure water. In pure water, glycine and diglycine are in 

zwitterion form, and N-acetylglycine is in its neutral one. The addition of H2SO4 to water 

and glycine/diglycine produced cationic species (positively charged amino group) and the 
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addition of NaOH produced anionic species (negatively charged carboxyl group), as shown 

in Appendix B: Figure B 1 and Figure B 9, respectively. As N-acetylglycine does not have 

an amine group, at low pH presents just in neutral form, and the addition of acid does not 

change solubility significantly. However, adding a base leads to the formation of anionic 

species, and solubility increases considerably (Appendix B: Figure B 10). This effect is 

well related to the chemical equilibrium shift. The total solubility considers the zwitterion or 

neutral form plus the anion or cation forms. The pH change converts a zwitterion to an an-

ion/cation, reducing its concentration in solution and enhancing the solubilization of more 

solute to compensate for the decrease of the zwitterion concentration, ending by increasing 

the solubility. Outside the isoelectric zones, the solubility of glycine increases around 1.7 

times when pH is 3.24. At this pH, the maximum solubility was found for diglycine too, and 

the solubility increased approximately 2.8 times. The maximum increase of solubility was 

observed in the case of N-acetylglycine at pH 3.92, where it increased around 6 times, all 

when compared to the isoelectric point solubility. 

 

Figure 7. 1. Solubility of glycine (Gly), diglycine (Gly-Gly) and N-acetylglycine (NAGly) 

in water at 298.2 K as a function of pH. 
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Figure 7. 2 presents the solubility of glycine, diglycine, and N-acetylglycine in 1 molal 

Na2SO4 solution as a function of pH at 298.2 K. The addition of acid/base to 1 molal Na2SO4 

solution produced a similar effect as in water.  

 

Figure 7. 2. Solubility of glycine (Gly), diglycine (Gly-Gly) and N-acetylglycine (NAGly) 
at 298.2 K in 1 molal Na2SO4 solution as a function of pH. 

To check the effect of Na2SO4 on the solubility of glycine, dipeptide, and N-acetylglycine at 

different pHs, Figure 7. 1 and Figure 7. 2 were combined in Figure 7. 3. While the solubil-

ities of glycine and diglycine in aqueous salt solution at each pH were found to be higher 

than the solubilities in pure water, the solubility of N-acetylglycine was higher in water. In 

the case of glycine and diglycine, the increase of solubility induced by Na2SO4 is more de-

tectable at the isoelectric point, and pHs where the solubility is close to the solubility in pure 

water. When the solubility starts to increase and differ significantly from the solubility at the 

isoelectric point, the effect of Na2SO4 diminishes significantly, showing the dominance of 

the chemical equilibrium changes over the interactions of the salt with the biomolecules. The 

solubility of N-acetylglycine at each pH point is higher in water than in an aqueous salt 

solution, but this difference also decreases at higher pHs. 
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Figure 7. 3. Solubility of glycine (Gly), diglycine (Gly-Gly) and N-acetylglycine (NAGly) 
at 298.2 K in ●, water and in ●,1 molal Na2SO4 solution as a function of pH. 

Figure 7. 4 shows the relative solubility of glycine, diglycine and N-acetylglycine in 1 molal 

Na2SO4 solution at different pHs at 298.2 K. The fact that the salt induces a salting-in effect 

for glycine and diglycine, and a salting-out for N-acetylglycne can be seen. As the Na+ cation 

does not affect much the solubility, a salting-in effect in the case of glycine and diglycine 

can be explained by the interaction of the SO4
2- anion with small these two small molecules, 

where the amino positively charged group is more accessible27. As N-acetylglycine is neutral 

and has just an apolar methyl group, the solubility of that molecule decreases with the pres-

ence of the sulfate anion in the solution. Like observed before, the magnitude of a salting-in 

effect over glycine and diglycine is higher close to the pH of the isoelectric point and de-

creases with adding acid or base. In the case of N-acetylglycine the magnitude of the salting-

out effect decreases at higher pHs.  
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Figure 7. 4. Relative solubility of ◆, glycine (Gly), ▲, diglycine (Gly-Gly) and ●, N-acetyl-

glycine (NAGly) at 298.2 K in water and in 1 molal Na2SO4 solution as a function of pH. 

The solubility data of glycine and diglycine at various pHs is given in the work Lu et al.43, 

but as the data are presented in different units, they were not included. Anyway, the com-

parison of solubility data of glycine and diglycine found in this work with the data found in 

Lu et al.43 (assuming the density of the solution as the density of water) was performed in 

Appendix E: Figure E 1. No more data have been reported for glycine, diglycine, and N-

acetylglycine in an aqueous Na2SO4 solution, or diglycine and N-acetylglycine in water at 

different pH, so no comparison could be provided. Only the solubility of diglycine and N-

acetylglycine were found in 1 molal Na2SO4. The compiled results were 273.6 g/1000 g of 

H2O109 and 270.86 g/1000 g of H2O108 for diglycine, and 29.238 g/1000 g of H2O109  for N-

acetylglycine and are close to the results of this work.  

The solubility data of glycine in pure water at different pH could be compared with the 

results of Needham et al.122 in Figure 7. 5, where HCl and NaOH were used to modify the 

pH of the solution. The results found in this work are higher than the results found in the 

literature. Even at the isoelectric point the solubility of glycine in water is different. There-

fore, it is expected the observed shift between the two curves. The reason for this can be the 
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different crystal forms of the studied glycine. In the work of Needham et al.122 the solid 

phase of glycine was not identified.  

 

Figure 7. 5. Solubility of glycine in water as a function of pH at 298.2 K: ●, (this work); ○, 

Needham et al.122. 

The solubility dependence of different AAs on pH is given in Figure 7. 6, as a) small AAs: 

glycine, alanine; b) with the hydrophobic side chains: valine, leucine, isoleucine; c) with the 

aromatic side chains: phenylalanine and tyrosine; d) with the acidic side chain: aspartic and 

glutamic acid, and e) with amide group in the side chain: asparagine and glutamine. The 

solubility of AAs in water follows the order: Gly > L-/DL-alanine > L-val > L-gln > L-ile > 

L-phe > L-asn > L-leu > DL-phe > L-glu > L-asp > L-tyr, as is given in the literature169. L-

serine119 is not included in this figure because the molal solubility in water of this AA is 

reported to be 4.013 mol/kg, which is very high compared to the literature169. Excepting L-

asp and L-glu, which are acidic AAs and therefore the isoelectric point is 2.77 and 3.22, 

respectively, the isoelectric points of all other AAs are between pH 5.4 and 7.25. In total, 

the solubility of all AAs increases outside the isoelectric zones. For clarity, the solubility of 

AAs is not shown after 500 g/1000 g of H2O in Figure 7. 6b and e. The size of the constant 

solubility band around the isoelectric point is very similar for all the AAs, except the L-

aspartic acid and L-glutamic acid. 
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Figure 7. 6. Solubility of a) ●, glycine (this work); ●, DL-alanine125; ○, DL-alanine119; △, 

L-alanine122; b) ○, L-valine124; ●, L-valine122; □, L-isoleucine119; △, L-isoleucine124; ○, L-

leucine119; ●, L-leucine124; c) ○, L-aspartic acid103; ○, L-glutamic acid103; d) ●, L-phenylal-
anine122; ○, DL-phenylalanine119; ○, L-tyrosine103; e) ○, L-asparagine103, and ○, L-gluta-

mine103; in water as a function of pH at 298.2 K. 



 

 

 

 

Chapter 8 – Conclusions and future work 



 

 

110 

 

The solubility of glycine, L and DL-valine, and L-leucine (nonpolar, aliphatic hydrophobic 

group); L-phenylalanine, L-tryptophan, and L-tyrosine (nonpolar, hydrophobic aromatic 

side chain), and L-aspartic or L-glutamic acids (second negatively charged hydrophilic car-

boxyl group) was studied in aqueous solutions of salts, with concentrations ranging from 0 

to 2 mol/kg at 298.2 K. Regarding the electrolytes, cations such as sodium, potassium, am-

monium, magnesium, and calcium and anions such as chloride, nitrate, thiocyanate, and sul-

fate were selected, covering a wide range of the ions in the Hofmeister series. Different 

quantitative methods of analysis were applied, depending on the solubility magnitude and 

hydration form of the salts: gravimetry, refraction index, or UV-Vis spectrophotometry. The 

pH of the saturated solution was measured, and in the observed pH range, all the amino acids 

were mainly present as zwitterions. An extensive literature review on the solubility of AAs 

and peptides in electrolyte solutions, the effect of pH on the solubility of AAs, and molecular 

dynamics was carried out.  

The study of the solubility of glycine, L-leucine, L-phenylalanine, and L-aspartic acid was 

carried out in aqueous solutions of salts with the monovalent and divalent cations: Na+, K+, 

NH4
+, Mg2+, Ca2+ and Cl-, NO3

- anions. In all systems, the absolute solubility follows the 

order Gly > Phe > Leu > Asp, as in pure water. The relative solubilities in aqueous solutions 

of all the salts with the chloride anions and aqueous NaNO3 and KNO3, evaluated at 2 molal, 

follow the order: Asp > Gly > Phe  Leu. In aqueous NH4NO3, Mg(NO3)2, and Ca(NO3)2 

solutions the ranking is; Asp > Phe > Leu  Gly. Excepting NaCl and KCl, which induce a 

salting-out effect in the solutions with Phe and Leu, in all other systems a salting-in was 

observed. 

Comparing the effect of the salts with the same anion the divalent cations are much stronger 

salting-in agents than the monovalent cations for all the AAs. Consistently to the Hofmeister 

series, the Ca2+ induces a much stronger salting-in effect than Mg2+. The monovalent cations, 

and especially the alkali cations, do not significantly affect the AA solubility in water. On 

the other hand, the nitrate anion induces a higher solubility enhancement than the chloride 

anions, also in agreement with the Hofmeister series. It was noticed a complex interplay 

between the significative divalent cation/carboxylate interaction and that between the nitrate 

with the apolar moieties of the AA, turning, for instance, ammonium nitrate as effective as 

calcium chloride in the increase of L-phe solubility.  
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To establish patterns on the effect of the anion, and specific structural features of the AA, an 

extensive database on the solubility of amino acids in aqueous electrolyte solutions has been 

constituted. The collected data, some very recent, show significative differences and incon-

sistencies.  

Considering the effect of anions on the solubility of glycine and alanine, when combined 

with the monovalent cations Na+, K+, and NH4
+, generally, the Hoffmeister series is verified. 

Acetate is a strong salting-out agent, while nitrate anion presents the highest salting-in effect, 

followed by iodide, bromide, chloride, and fluoride anion. A major difference is observed 

with the sulfate anion, which is a salting-in agent to glycine, and a salting-out agent for AA 

when the alkyl-chain length increases, as also explained by molecular dynamics.  

Analyzing the effects of NaCl and KCl in a wide variety of AAs, their maximum salting-in 

effect is observed over acidic AA, followed by polar, neutral AAs such as serine and cyste-

ine. Concerning salting-out, it is maximum over basic AA such as lysine and in apolar ali-

phatic AA with large alkyl-chains. In both salts, glycine, cyclic proline, and alanine present 

the least significative salting-in/out effect. Generally, NaNO3 and KNO3 salts induce salting-

in in all AAs following a ranking quite similar to the chloride salts, with the smallest effects 

being observed for AAs such as glycine, proline, and phenylalanine. 

To perform data assessment and analyze the impact of optical isomerism the solubility of L 

and DL-valine was studied in aqueous NaNO3 and KNO3 solutions. Unlike some of the pub-

lications, the results obtained in this work showed that the NaNO3 and KNO3 salts induced 

a slight salting-in effect, except for the L-valine in both salt solutions at 2 molal, and also 

that isomerism does not play a role in the impact of salts on the solubility of AA. 

To contribute to the fill the gap concerning the impact of thiocyanate anion, which is located 

at the right extreme of the Hofmeister series, the solubilities of glycine, L-leucine, L-phe-

nylalanine, and L-aspartic acid were studied in aqueous NaSCN, KSCN, and NH4SCN so-

lutions. The salts with the thiocyanate anions induced a salting-in effect with all the AAs the 

ranking for the salting-in effect follows Asp > Phe > Leu > Gly. The relative solubility of 

Gly was very close to Leu in aqueous solutions of salts with the sodium and potassium cat-

ion, while in aqueous NH4SCN solution this similarity was found between Leu and Phe.  

The study was then extended, with the same AA as above, for salts containing an organic 

anion (tosylate). Sodium cation was selected as its effect on the solubility of AA is well 
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studied with different inorganic anions, and it is quite common in an organic salt family 

usually applied as hydrotropes. Sodium tosylate induced a salting-in effect with all the AAs, 

except for glycine in aqueous Na-tosylate solution at 0.5 and 1 molal. Until 1 molal, the 

order of the salting magnitude in aqueous sodium tosylate solution is the same as in aqueous 

NaSCN and KSCN solutions, but at 2 molal the solubility of phenylalanine decreases, and 

the ranking changes to L-asp > L-leu > L-phe > Gly, which can be understood taking into 

account the structure of the solid phase. 

Summarizing the studies in this work over the AA glycine, L-leucine, L-phenylalanine, and 

L-aspartic acid, and sodium-containing salts, the relative solubility followed tosylate > thi-

ocyanate > nitrate > chloride, being the order of inorganic anions as in Hofmeister series. 

For glycine, however, the order was nitrate > thiocyanate > chloride > tosylate, showing 

once more the specificity of the simplest AA, which usually fails to obey trends. 

In our review, we observed a large body of reliable information on the solubility of AA in 

aqueous KCl and (NH4)2SO4 solutions. Therefore, the available information was extended 

to AA containing two carboxylic acids or an aromatic group. At 2.0 mol·kg-1 salt concentra-

tion, both electrolytes induced salting-in in the polar acidic L-Asp and L-Glu and salting-out 

in the more hydrophobic aromatic L-Tyr and L-Trp. Those effects are stronger in ammonium 

sulfate solutions than in potassium chloride. These are amino acids for which both experi-

mental and modeling results are scarce in the literature, reinforcing the importance of this 

study by considering AA with aromatic or two carboxylic groups. The obtained relative sol-

ubility data were compared to literature data for other amino acids in the same electrolyte 

solutions and all the data were described using ePC-SAFT, an ion-specific modeling ap-

proach. The results showed that the model captures the general salting-in and salting-out 

trends for the amino acids, though it only predicts the monotonic increase or decrease of the 

relative solubility, not describing the maximum values observed for some systems. 

Finally, the effect of the pH on the solubility of glycine, diglycine, and N-acetylglycine in 

water, and one molal Na2SO4 solution, at 298.2 K, was checked. The solubilities of glycine 

and diglycine were carried out in the pH range from 3 to 9/10, and the solubility of N-acetyl-

glycine at pH from -0.25 to 4. To change the pH, H2SO4 or NaOH was used. In pure water 

and one molal Na2SO4 aqueous solution, the absolute solubility follows the order: glycine > 

diglycine > N-acetylglycine, but with the addition of acid/base, the solubility of diglycine 



 

 

113 

 

becomes larger than of glycine. The solubility of N-acetylglycine only changes at high pHs 

as the addition of base leads to the formation of anionic species. 

The addition of acid/base to 1 molal Na2SO4 solution produces a similar effect as in water. 

The salt induces a salting-in effect for glycine and diglycine, and a salting-out effect for N-

acetylglycine, as the sulfate anion induces a salting-in effect only for small molecules, where 

the positively charged group is more accessible. The solubility of N-acetylglycine decreases 

due to the presence of an apolar methyl group. The effect of the salt is more pronounced at 

the isoelectric point, and the magnitude of a salting-in/salting-out effect decreases with add-

ing acid or base. In addition, the solubility dependence of different AAs on pH was collected. 

The isoelectric point of all AAs was found between pH 5.4 and 7.25, except the acidic AAs 

L-asp and L-glu, for which the isoelectric point is 2.77 and 3.22. respectively.  

To check the reliability, the obtained results were compared with the solubility data found 

in the literature, whenever possible. Solubility data were not found for L-aspartic acid, L-

leucine, and L-phenylalanine in aqueous solutions of KCl, NaNO3, KNO3, NH4Cl, NH4NO3, 

MgCl2, CaCl2; L-glutamic acid in aqueous (NH4)2SO4 solution; L-tryptophan and L-tyrosine 

in aqueous KCl and (NH4)2SO4 solutions; for all the AAs in aqueous solutions of Mg(NO3)2, 

Ca(NO3)2, NaSCN, KSCN, and NH4SCN; and for glycine in aqueous Na2SO4 solution, di-

glycine and N-acetylglycine in water and in aqueous Na2SO4 solution, which demonstrates 

clearly the relevant contribution of the new data acquired in this work. 

The solids from the supplier and solids settled in equilibrium with the saturated solution, 

after vacuum filtration and drying, were very often analyzed by single crystal and powder 

X-ray diffraction. Glycine from the supplier used in all the studies, except the solubility 

study in Na-tosylate solution (only α-form), presents a mixture of two phases, a monoclinic 

corresponding to the α-form and a hexagonal corresponding to γ-form. All the other amino 

acids from the supplier show a single phase. In all aqueous solutions of the salts with the 

inorganic and organic cation, the glycine samples crystallize only in the hexagonal crystal 

system, the γ-form. Generally, the crystalline form of the other amino acids in equilibrium 

with the saturated solutions does not change compared to the structures found in the solids 

from the suppliers. The exception is phenylalanine in aqueous MgNO3 or Na-tosylate solu-

tions. In the case of an aqueous Mg(NO3)2 solution a second phase of phenylalanine was 

found, which could not be identified. The analysis of the crystals obtained after the crystal-

lization of the sample showed that the peaks do not belong to phenylalanine and could be a 
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mixture of compounds from some chemical modification of the initial compounds. The crys-

tals were also obtained after the solubility studies of phenylalanine in 1.5 molal Na-tosylate 

solution. In this case, the solid phase did not change compared to the structure of the original 

material from the supplier. 

Future research should be focused on the solubility of amino acids containing more than one 

amino or carboxylic acid group, aromatic and heteroatomic amino acids, in aqueous electro-

lyte solutions. For most of the AAs, these studies should be extended to aqueous solutions 

containing polyvalent cations. As very few experimental data are available for peptides and 

proteins, another vector needing a lot of attention is the application of different methodolo-

gies to analyze and compare the importance of the peptide bond in terms of the interactions 

with the ions. A relevant question still under great attention is the relative importance of the 

C=O and N-H interactions with the ions.  

The interactions of the AAs and peptides in aqueous saline solutions must also be studied by 

applying techniques such as density measurements (for partial molar volumes), NMR spec-

troscopy, and molecular dynamics simulations. In this respect, another approach that can 

give important insights is the predictive quantum-chemistry based model COSMO-RS to 

describe the activity coefficients of the AA and the impact of the presence of the different 

ions in solution. All these can support future insights into the behavior of proteins in relevant 

aqueous electrolyte solutions. 

 It is also of great importance to extend the studies on the impact of organic salts, namely 

hydrotropes based on the anions salicylate, tosylate, and caprylate, on the solubility of dif-

ferent amino acids. In this case, special care must be taken into account concerning changes 

in the solid phase. 
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Appendix A – Chemical structures of amino acids listed in this work 

 

Figure A 1. The chemical structures of all amino acids and peptides listed in Figures in this 
work. 
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Appendix B – Chemical species distribution of amino acids and peptides 

All the calculations were performed using the Software Chemicalize (ChemAxon Ltd, 

1998-2022, https://chemicalize.com/#/). 

 
Figure B 1. Chemical species distribution as a function of pH of glycine. 

https://chemicalize.com/#/
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Figure B 2. Chemical species distribution as a function of pH of L-leucine. 
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Figure B 3. Chemical species distribution as a function of pH of L-phenylalanine. 
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Figure B 4. Chemical species distribution as a function of pH of L-tryptophan. 
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Figure B 5. Chemical species distribution as a function of pH of L-tyrosine. 
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Figure B 6. Chemical species distribution as a function of pH of L-aspartic acid. 
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Figure B 7. Chemical species distribution as a function of pH of L-glutamic acid. 
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Figure B 8. Chemical species distribution as a function of pH of L-valine (DL-valine). 
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Figure B 9. Chemical species distribution as a function of pH of diglycine. 
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Figure B 10. Chemical species distribution as a function of pH of N-acetylglycine. 
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Appendix C – Solid phase studies 

 

Figure C 1. Comparison of the experimental X–ray powder diffraction pattern of glycine 

from supplier with the powder pattern calculated from the single-crystal X-ray diffraction 
data CCDC 1416373 (α form) and CCDC 1416374 (γ form). 

 

Figure C 2. Comparison of the experimental X–ray powder diffraction pattern of glycine 
obtained after crystallization with the different salts solutions with the powder pattern cal-

culated from the single-crystal X-ray diffraction data CCDC 1416374 (γ-glycine). 
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Figure C 3. Comparison of the experimental X–ray powder diffraction pattern of L-leucine 

from supplier and L-leucine samples obtained after crystallization with the different salts 
solutions with the powder pattern calculated from the single-crystal X-ray diffraction data 

CCDC 1508364. 

 

Figure C 4. Comparison of the experimental X–ray powder diffraction pattern of L-phenyl-

alanine from supplier and L-phenylalanine samples obtained after crystallization with the 
NaCl and NaNO3 salts solutions with the powder pattern calculated from the single-crystal 
X-ray diffraction data CCDC 1012155. 
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Figure C 5. Comparison of the experimental X–ray powder diffraction pattern of L-aspartic 
acid from supplier and L-aspartic acid samples obtained after crystallization with the KCl 
and NH4Cl salts solutions with the powder pattern calculated from the single-crystal X-ray 

diffraction data CCDC 652520. 

 

Figure C 6. Comparison of the experimental X–ray powder diffraction pattern of the solid 
phase samples of L-valine (filtrated from aqueous solutions of NaNO3 or KNO3) with the 

powder pattern calculated from the single-crystal X-ray diffraction data CCDC 1208818. 
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Figure C 7. Comparison of the experimental X–ray powder diffraction pattern of the solid 
phase samples of DL-valine (filtrated from aqueous solutions of NaNO3 or KNO3) with the 
powder pattern calculated from the single-crystal X-ray diffraction data CCDC 1279575. 

 

 

Figure C 8. Comparison of the experimental X–ray powder diffraction pattern of the solid 

phase samples of glycine (from supplier and filtrated from aqueous solutions of chloride or 
nitrate salts of divalent (Mg2+ or Ca2+) cations) with the powder pattern calculated from the 

single-crystal X-ray diffraction data 1416374 (γ form). 
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Figure C 9. Comparison of the experimental X–ray powder diffraction pattern of the solid 
phase samples of aspartic acid (from supplier and filtrated from aqueous solutions of chlo-

ride or nitrate salts of divalent (Mg2+ or Ca2+) cations) with the powder pattern calculated 
from the single-crystal X-ray diffraction data CCDC 652520. 

 

Figure C 10. Comparison of the experimental X–ray powder diffraction pattern of the solid 

phase samples of leucine (from supplier and filtrated from aqueous solutions of calcium 
salts) with the powder pattern calculated from the single-crystal X-ray diffraction data 

CCDC 1508364. 
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Figure C 11. Comparison of the experimental X–ray powder diffraction pattern of the solid 
phase samples of phenylanine (from supplier and filtrated from aqueous solutions of nitrate 

salts of divalent (Mg2+ or Ca2+) cations) with the powder pattern calculated from the single-
crystal X-ray diffraction data CCDC 1012155 (the * denote a second phase present in the 
sample phe_MgNO3, searching in ICDD database version 2022 was not possible to identi-

fied this second phase). 

 

Figure C 12.  Comparison of the experimental X–ray powder diffraction pattern of the solid 
phase samples of glycine (filtrated from aqueous solutions of NaSCN, KSCN, and NH4SCN 
salts or Na-tosylate) with the powder pattern calculated from the single-crystal X-ray dif-

fraction data 1416374 (γ form). 
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Figure C 13.  Comparison of the experimental X–ray powder diffraction pattern of the solid 
phase samples of aspartic acid (filtrated from aqueous solutions of NaSCN, KSCN, and 

NH4SCN salts or Na-tosylate) with the powder pattern calculated from the single-crystal X-
ray diffraction data CCDC 652520. 

 

 

Figure C 14.  Comparison of the experimental X–ray powder diffraction pattern of the solid 

phase samples of phenylalanine (filtrated from aqueous solutions of NaSCN, KSCN, and 
NH4SCN salts or Na-tosylate at 1.5 molal) with the powder pattern calculated from the sin-

gle-crystal X-ray diffraction data CCDC 1012155.  
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Figure C 15. Comparison of the experimental X–ray powder diffraction pattern of the solid 
phase samples of phenylalanine (filtrated from aqueous solutions of Na-tosylate at 2 molal) 
with the powder pattern calculated from the single-crystal X-ray diffraction data CCDC 

1012155. 

 

Figure C 16. Comparison of the experimental X–ray powder diffraction pattern of the solid 

phase samples of leucine (filtrated from aqueous solutions of NaSCN, KSCN, and NH4SCN 
salts or Na-tosylate) with the powder pattern calculated from the single-crystal X-ray dif-

fraction data CCDC 1508364. 
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Figure C 17. Comparison of the experimental X–ray powder diffraction pattern of the solid 

phase samples of L-glutamic acid (from supplier and filtrated from the ternary saturated 
solutions containing a 2 molal salt concentration) with the powder pattern calculated from 

the single-crystal X-ray diffraction data CCDC 1587065165. The symbols * and + locate the 

strong peaks of KCl (at around 35 2/º,170) and NH4(SO4)2 (at around 21 2/º,171), respec-

tively. 

 

 
Figure C 18. Comparison of the experimental X–ray powder diffraction pattern of the solid 
phase samples of L-aspartic acid (from supplier and filtrated from the ternary saturated so-
lutions containing a 2 molal salt concentration) with the powder pattern calculated from the 

single-crystal X-ray diffraction data CCDC 652520158. The symbols * and + locate the strong 

peaks of KCl (at around 35 2/º,170) and NH4(SO4)2 (at around 21 2/º,171), respectively. 
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Figure C 19. Comparison of the experimental X–ray powder diffraction pattern of the solid 
phase samples of L-tryptophan (from supplier and filtrated from the ternary saturated solu-

tions containing a 2 molal salt concentration) with the powder pattern calculated from the 
single-crystal X-ray diffraction data CCDC 986569166. The symbols * and + locate the strong 

peaks of KCl (at around 35 2/º,170) and NH4(SO4)2 (at around 21 2/º,171), respectively. 

 

 

Figure C 20. Comparison of the experimental X–ray powder diffraction pattern of the solid 
phase samples of L-tyrosine (from supplier and filtrated from the ternary saturated solutions 
containing a 2 molal salt concentration) with the powder pattern calculated from the single-

crystal X-ray diffraction data CCDC 1208550167. The symbols * and + locate the strong 

peaks of KCl (at around 35 2/º,170) and NH4(SO4)2 (at around 21 2/º,171), respectively. 
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Figure C 21. Comparison of the experimental X–ray powder diffraction pattern of the solid 
phase samples of glycine (used in the analysis with Na-tosylate) from supplier with the pow-

der pattern calculated from the single-crystal X-ray diffraction data CCDC 1416373 (α form) 
and CCDC 1416374 (γ form). 

Appendix D – Calibration curve example 

The following figure shows an example of a calibration curve obtained in the application 

of the refractive index measurement method. 

 
Figure D 1. Calibration curve of L-aspartic acid in aqueous Na-tosylate solution at 1 molal. 
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Appendix E – Effect of pH on the solubility of glycine and diglycine. 

 

Figure E 1. Solubility of glycine: ●, (this work); ○,43 and diglycine: ●, (this work); ○,43 in 

water as a function of pH at 298.2 K. 


