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Abstract 

Laia Camprubi Gallet 

Recovery and Purification of Hydroxy Carboxylic Acids from Soda Black Liquor 

Lappeenranta 2017 

90 pages 

Forest biorefineries are taking an important role in our society nowadays. Aiming to 

maximize the value of biomass and minimize the production of waste, forest industry is 

looking for new products The increase in pulp mill profits by recovering and purifying 

hydroxy carboxylic acids from black liquor. Carboxylic acids considered as a potential 

feedstock in several industries, is a clear example of a promising emerging research in this 

field. 

Preparative chromatography is an efficient technique for the fractionation of carboxylic acids 

from complex solutions. It shows high selectivity and ability to separate organic acids with 

similar properties Moreover, reductions in the energy consumption, in the effluent volumes 

and in chemicals consumption make this technique even more advantageous. Surprisingly, 

there are only few studies in the literature which use this separation technique for isolating 

valuable compounds from soda black liquor.  

The aim of this thesis was to identify and develop a novel separation process based on 

chromatography for the fractionation of hydroxy acids using soda black liquor as feed. The 

knowledge needed for a proper process concept for the acid fractionation was achieved by 

testing a wide range of stationary phases and evaluating, as well, the effects of the eluent 

composition (pure water or dilute acid solution). 

The combination of two chromatographic separation steps with an intermediate evaporation 

step was found to be suitable for the recovery and fractionation of valuable hydroxy acids, i.e. 

α-GISA, XISA and lactic acid, as individual compounds from the mixture in high purity, 89 

wt%, 98 wt%, and 63 wt% respectively. In contrast to other methods applied for the recovery 

of the acids, no additional chemicals were added and harsh conditions were not applied in the 

separation process. 

Based on the experimental results, the satisfactory separation of the aforementioned valuable 

acids was achieved. Although the yields must be improved, the optimization of the operating 

parameters applied may establish the developed process as a value-added alternative in the 

future to the combustion of hydroxy acids for energy production. The main challenge will 

still remain in the total integration of this process with the pulp mills. For that purpose, tests 

with Kraft liquor should also be carried out as this is the main stream in pulp industry. The 

separation concept presented in this work has only performed with soda black liquor. 

Keywords: preparative chromatography, hydroxy carboxylic acids, biorefinery; pulp mill; 

soda black liquor 
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Nomenclature 

Symbols 

     Absorptivity factor, L/(g·cm) 

     Absorbance 

      Concentration of an acid in a determined fraction, g/L 

          Concentration of an acid in total, g/L 

          Concentration of the acids in total in a determined fraction, g/L 

          Diameter cuvette used in the UV-detector, cm 

    Dilution factor 

        Molecular weight NaOH, g/mol 

Acronyms 

AAS Atomic absorption spectrometry 

BV Bed volume 

GISA Glucoisosaccharinic acid (α- and β- form of D-isosaccharinic acid) 

GISAL Glucoisosaccharino-1,4-lactone (α- and β- form of D-isosaccharino-1,4-lactone) 

HIC Hydrophobic interaction chromatography 

i.d. Internal diameter 

IE Ion Exchange 

IEC Ion Exchange chromatography 

IEPC Ion Exclusion Partition Chromatography 

SAC Strong acid catIon exchange resin 

SEC Size Exclusion Chromatography 

WAC Weak acid catIon exchange resin 

XISA Xyloisosaccharinic acid 

XISAL Xyloisosaccharino-1,4-lactone 
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1 Introduction 

The European Forest-based Technology Platform has suggested several research options in 

order to achieve zero-waste wood-based biorefineries. Pulp mills, being the main facility in 

this role, is already involved in producing bioproducts and biofuels from forest biomass and 

mill residues using advanced fractionation and conversions similar to sugar and syngas routes 

(Pandey et al. 2015).  

Biorefinery is defined by the members of IEA Bioenergy as the sustainable processing of 

biomass into a spectrum of marketable products (food, feed, materials and chemicals) and 

energy (fuels, power and chemicals). So, biorefinery is a wider concept that not only implies 

a facility for converting biomass to various products, it also includes a concept, a process, a 

plant or even a cluster of facilities (Schlosser, Blahusiak 2011). 

Biomass is understood as bio-degradable material originated from plants, animals and 

microorganisms. Nowadays, biomass is widely used for the production of renewable energy 

being the leader in the world's renewable energy production (approximately 75% of the total) 

(Carneiro, Ferreira 2012). However, the degree of refining in biomass utilization is low, 

since 97% of this bioenergy is produced by direct combustion (Schlosser, Blahusiak 2011).  

There are different types of biorefinery, which are classified by means of biomass used as 

feed to end-product chains. The first generation biorefineries are those based only on one 

feed and produce one main product, e.g. ethanol from corn. They exploit dedicated energy 

crops as corn, oil palm and sugar cane for producing energy. This concept produce a 

competition between biomass production and food cultivation. More advance biorefineries, 

second generation biorefineries, produce more products but still only from one feed, not 

solving the adverse effects of energy crop plantations. The newest biorefineries, third 

generation, use secondary biomass as feed for the production a huge variety of energy and 

chemicals, e.g. forestry and agricultural residues, side streams of pulp and paper or food 

industry, municipal and industrial biowaste. This allows greater flexibility of the biorefinery 

market and more sustainable approaches (Schlosser, Blahusiak 2011; Hellstén 2013a; 

Pandey et al. 2015).  
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The possibility to produce valuable renewable chemicals by third generation biorefinery is, 

then, an interesting alternative to the direct synthesis of them and it adds extremely value to 

the industry. Hydroxy carboxylic acids are attractive acids for several industries which can be 

obtained by third generation biorefineries, i.e. side-stream (black liquor) produced in pulp 

and paper industry. Thus, the recovery of hydroxy acids from the side-stream produced in 

pulp mills belong to the most interesting type of biorefineries, the third generation biorefinery 

as mentioned before. 

Wood pulping has, as main purpose, the liberation of the cellulose fibers from the timber 

resources, i.e. dissolve the lignin which acts as a flue for the wood fibers, by means of 

different methods divided in chemicals, semichemical, chemimechanical, and mechanical 

processes. The products obtained from these processes are pulp, paper and board. However, 

emerging technologies and markets are starting to play a crucial role which will dominate the 

future of pulp and paper industry.  

Among the different methods for obtaining pulp, chemical pulping is the most important not 

only for the production of pulp, which ranges from 45%to 55% of yield, but also respect to 

large-scale production of new by-products. The main chemical pulping routes are soda 

pulping and Kraft (sulfate) process (Schlosser, Blahusiak 2011). 

Soda pulping was the first potential chemical method for producing pulp from non-wooden 

raw materials. Nowadays, 70% of the pulp comes from wooden materials and only 10% of 

this pulp is produced by soda pulping. Kraft (sulfate) process and its modifications dominate 

the market due to excellent pulp strength properties, low demands on energy, valuable by-

products, as well as, short cooking times. Nevertheless, it shows several drawbacks compared 

to soda pulping which are the high investment costs, the low pulp yields (being 45-55% in 

soda pulping and 35-45% in Kraft process), formation of odorous sulfur-containing 

compounds and the need for effective bleaching (Almeida, Gomide 2013).  

Chemical pulping processes, e.g. Kraft pulping and Soda pulping, have in common the use of 

cooking chemicals, the so-called white liquor, in a digester for the separation of the cellulosic 

fibers (removal of lignin) from the wood. The main difference between Kraft pulping process 

and soda process lies in the chemicals used for separate the cellulosic fibers. In the first one, 

sodium hydroxide and sodium sulfide are the main components in the white liquor, whereas 

soda pulping produces sulfur free pulp since the cooking chemicals (white liquor) is sodium 
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hydroxide. Thus, the pulping route is the same, just conditions in the digester are changed as 

shown in Figure 1. Soda pulping has become less important during the last years because of 

the smaller viscosity and lower fiber strength. Nevertheless, research is going on in the field 

of additives (e.g. anthraquinone, surfactants) in order to improve the final quality of the pulp 

(Almeida, Gomide 2013).  

 

Figure 1 Scheme of pulping route from wood to cellulose and the closed-cycle for the 

 recovery of the cooking chemicals (white liquor) 

Black liquor is a side product of chemical pulping which contains valuable hydroxy acids for 

the industry together with lignin-based compounds. It is obtained due to the dissolution of 

lignin in white liquor, sodium hydroxide, which is used for the separation of lignin from 

wood during the digestion step and production of pulp (see Figure 1). Conventionally, black 

liquor is combusted in the recovery boiler for producing energy and recover the initial white 

liquor (cooking chemicals in soda pulping) again free of lignin. However, the separation of 

the valuable acids from black liquor prior to burning would substantially add a greater value 

to the pulp mill and only 1/3 of the energy produced out of the combustion would be 

decreased. (Tilman et al. 2009). 
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2 Objectives and structure of the work 

 

2.1 Aims and scope of the study 

The aim of this work was to develop a new separation process for the recovery and 

purification of valuable compounds from black liquor based on chromatographic separation. 

The research question which has been the driving force of this research is whether it is 

possible to recover α-GISA, XISA, and lactic acid from soda black liquor as pure individual 

acids. The selection of α-GISA, XISA and lactic acid for being recovered among the other 

hydroxy acids contained in black liquor is because of their limited availability and wide range 

of possible applications in industry. 

The main separation method applied in this work is chromatography due to its high 

selectivity, versatility, and suitability for continuous processes enabling the integration in 

biorefinery industry. Moreover, previous researches in this field have found it as a promising 

technique for fractionation of multicomponent mixtures (Alén et al. 1990; Nesterenko et al. 

2001; Hellstén 2013a; Hellstén et al. 2013a; Hellstén et al. 2013b). 

The reproducibility of previous steps already designed for the recovery of hydroxy acids has 

also been a main interest in this work for designing, as final result, a well-defined multistep 

process starting from black liquor until the recovery of pure individual valuable acids. 

Furthermore, the improvement of the separation performance and optimization of previous 

steps in the lignin removal has also been investigated. 

2.2 Outline 

This thesis begins with a description of the different hydroxy acids in black liquor, in order to 

have a good understanding about their properties and why are they valuable in industry.  

It follows with a literature survey of the different separation methods already applied for the 

recovery and purification of carboxylic acids in general, but with main focus on the 

techniques found out as promising for the fractionation of these valuable hydroxy acids. The 

aim of this is to achieve a good understanding of the previous routes followed, why they were 

selected and which were the weaknesses and strengths of them. At the end of this chapter, the 

main challenges that can be observed from previous works are stated. 
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Chapter 5 focuses on chromatographic separation methods, specifically for the purification of 

acids from complex acid mixtures. It goes through the main mechanisms used for the 

retention of hydroxy acids and also gives special attention in the promising matrix supports 

for the aimed separation. A deep understanding of the different stationary phases is needed 

before moving to the laboratory. 

All the experimental work methods applied are discussed in detail in chapter 6. Chapter 7 

presents all the results obtained and the final conclusions of this work are presented as last in 

Chapter 8. 
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3 Hydroxy acids in black liquor 

Black liquor obtained from chemical pulping processes is a potential source of organic acids 

(e.g. hydroxy acids) which would increase the pulp mill profits if proper recovery and 

purification of them is achieved. Black liquor is a highly complex solution of sodium salts, 

hemicelluloses, lignin and organic acids. Its composition depends either if it comes from 

softwood or hardwood (see Figure 2). 

 

Figure 2 Composition of black liquor (Niemela et al. 2010) 

Hydroxy acids are carboxylic acids substituted with one or several hydroxyl groups. Their 

formation in pulp industry takes place during the alkaline degradation of polysaccharides and 

monosaccharides (Schlosser, Blahusiak 2011; Mänttäri et al. 2015). The recovery of these 

acids from the side-stream produced in pulp mills is generating high interest because of their 

important role in several industrial applications (see chapter 3.2) 

The recovery of hydroxy acids from black liquor has only been achieved in laboratory scale 

and the purification of the individual acids have not been satisfactorily reached with high 

purities. Separation of these hydroxy acids is quite challenging due to the complexity of the 

raw material and because not many information is available about the acid's properties. 

Therefore, a better understanding of their properties is a key point for the satisfactory 

recovery and purification of them from black liquor. 

3.1 Properties 

Hydroxy acids as individual compounds have been considered as potential feedstock in 

several chemical industries and as important starting material for the synthesis of many 

chemical products (Kornhauser et al. 2010; Barralet et al. 2005; Draelos 2000). The 

emerging use of these acids in the last decades in clinical practice creating a wide number of 
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cosmetic and therapeutic formulations have increased the interest of these compounds. The 

different industrial applications will be shortly discussed in chapter 3.2. 

However, despite their prominent role in industry, important properties of hydroxy acids 

useful for understanding their behaviour when recovering and purifying them from acid 

mixtures (e.g. acid strength, tendency to lactonization, compound stability) have, in general, 

only been discussed to some extent and mainly for isosaccharinic acids (Ekberg et al. 2004). 

So far, in terms of hydroxy acids in biorefinery (i.e. how they behave in the recovered acid 

mixture from black liquor), it is an unexplored ground since no articles have been published 

specifically in this field, even though, the effect of the aforementioned properties in the 

elution order when using chromatographic techniques is obvious (Alén et al. 1990).  

Hydroxy acids consist of a carboxylic acid substituted with a hydroxyl group. They can be 

classified in different manners depending on the position that the hydroxyl group is attached 

to the carboxyl group (α-, β-, γ- and δ- types of hydroxy acids), the number of hydroxyl 

groups (hydroxy acids and polyhydroxy acids) or their molecular mass (Low-molecular-mass 

hydroxy acids and High-molecular-mass hydroxy acids). The first two classifications are 

mainly used in cosmetic industry (Kornhauser et al. 2010).  

In the field of biorefinery, though, the third classification is more convenient as it deals with 

their behaviour when liberating them from the sodium salts (Kumar, Alén 2015). High-

molecular-mass hydroxy acids can form lactones, while this cyclic ester structure cannot be 

reached by low-molecular-mass hydroxy acids. Table 1 presents the classification used for 

the fraction of aliphatic carboxylic acids obtained from black liquor.  

Table 1 Classification of the fraction of aliphatic carboxylic acids from black liquor 

 (Kumar, Alén 2015) 

 Type of aliphatic carboxylic 

acids 
Characteristics Hydroxy acids 

Volatile carboxylic acids Volatile acids 
Formic acid 

Acetic acid 

Low-molecular-mass hydroxy 

acids 

2-4 carbon atoms (non-

volatile acids) 

Glycolic acid 

Lactic acid 

2-hydroxybutanoic acid 

High-molecular-mass hydroxy 

acids 

5 or 6 carbon atoms (non-

volatile acids) 

2,5-dihydroxypentanoic acid 

GISA 

XISA 
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The tendency of lactonization may alter the behaviour of these compounds due to the change 

in the chemical properties of these two forms (i.e. lactones and carboxylic acid from the same 

compound) (Ekberg et al. 2004; Alén et al. 1990), therefore it will be discussed in this 

chapter together with other important properties. 

3.1.1 Physical properties 

Aliphatic hydroxy carboxylic acids’ properties are strongly related to the number of hydroxyl 

and carboxylic acid groups present in their formulation as well as their location in the 

molecule (Miltenberger 2000).  

In their pure form, saccharinic acid and lactic acid are mainly chiral; thus, they show optical 

activity. This property sets ligand exchange chromatography as a promising technique for 

their fractionation (see chapter 5.1.3) (Davankov et al. 2000; Davankov 1994; Katoh et al. 

1989; Kurganov, Davankov 1981). Their separation by means of cryztallization is not 

feasible due to the high boiling points (see Table 2) of these acids compared to the 

corresponding un-substituted acids with the same chain length, they are hardly distilled 

without decomposition (Miltenberger 2000). Their distillation has only been accomplished 

under vaccum in their separation from black liquor recovering about 45% of these acids 

(Alén, Sjöström 1980b) and also, distilling significant low-molecular-mass α-hydroxy acids in 

methyl ester form (Kumar, Alén 2015). Both of these routes for the recovery of hydroxy acids 

will be discussed in the Chapter 4. The association among the hydroxyl groups is the 

responsible for this property that makes the purification of hydroxy acids harder or even not 

feasible thinking of distillation at normal conditions. 

Table 2 Physical properties of the most commercially important hydroxy acids 

 (Miltenberger 2000). 

Hydroxy acids Melting point (ºC) Boiling point (ºC) 

Glycolic acid 78-80 100 (decomposition) 

Lactic acid 23-33 119-123 (at 1.6-2 kPa) 

2-HBA 43-44 138 (at 1.9kPa) or 260 (decomposition) 

 

3.1.2 Chemical properties 

The acidity of the aliphatic hydroxy acids, mainly speaking about α- and β- types, is 

improved compared to the acidity strength of the corresponding un-substituted acids. This 

can be easily explained due to the proximity of the polar hydroxyl groups. However, at the 
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same time, the proximity of the two functional groups (i.e. carboxyl group and hydroxyl) 

weakens the intervening C-C bonds making them susceptible to break under the treatment 

with sulphuric acid (Miltenberger 2000). 

Another characteristic, typical for acids of intermediate strength such as carboxylic acids, is 

that they can be partially ionized depending on the pH of the medium (Bruzzoniti et al. 1998). 

This property places ion-chromatography as a promising technique, as well for the 

purification of hydroxy acids, since a good control and understanding of pH’s effect in the 

elution time of the hydroxy acids in the soda black liquor may result in the proper collection 

of the targeted compounds as individual acids (Mori et al. 2011; Klampfl et al. 1997; 

Nesterenko et al. 2001; Ohta et al. 1996). It will be discuss in more detail in Chapter 4. 

The readily formation of their respective salts at the carboxyl group and the esterification 

either at the carboxyl or at the hydroxyl group by reaction with other alcohols or acids 

respectively, depends again on the position of the functional groups. α- and β-hydroxy acids 

can easily form esters, whereas γ- and δ-hydroxy acids undergo intra-molecular esterification 

forming lactones, being the ones which present the hydroxyl group further from the acid 

moiety more likely to react again in normal esterification (Miltenberger 2000). The intra-

molecular reaction takes place faster than the intermolecular one and it may affect the 

separation processes (i.e. recovery and purification) of hydroxy acids, mainly GISA and 

XISA, from soda black liquor. This important behaviour of the acids discussed in more detail 

in the following section 0.  

Moreover, α-hydroxy carboxylic acids can also easily form lactides. This happens when the 

acids dimerized with elimination of water producing cyclic diesters. If this process is coupled 

with intermolecular esterification, the result obtained is linear polyesters (Miltenberger 

2000). In this work, the routes forming lactides will not be further discussed as they are not 

having any impact in the purification of hydroxy acids from soda black liquor, as far as 

known.  

The most important properties of the hydroxy carboxylic acids studied in this work is 

presented below in Table 3. 
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Table 3 Properties of the main carboxylic acids in black liquor (SciFinder, 2013) where 

 MW is the molecular weight, Vm is the specific volume, pKa is the acidic 

 constant and Pvap is the vapour pressure 

Acid Mw (g/mol) Vm (cm
3
/mol) pKa 

P vap (bar) at 

25ºC 

GISA 180 113.0 3.2 6.1·10
-14

 

XISA 150 150.0 3.5 1.9·10
-9

 

2-HBA 104 87.0 3.8 1.0 

Lactic acid 90 70.5 3.9 2.0 

Glycolic acid 76 53.6 3.7 0.17 

Oxalic acid 90 50.8 4.1 0.33 

Acetic acid 60 56.1 4.8 1900 

Formic acid 46 39.8 3.7 4900 

 

3.1.3 Tendency for lactonization 

Lactones are cyclic molecules in which the hydroxy carboxylic acids loses a water molecule. 

They are highly reactive species due to their extremely strained rings; therefore, the hydroxyl 

group of these acids can be easily converted into various derivatives (Miltenberger 2000; Rai, 

Kitamura 2015). In soda black liquor, lactonization reactions take place at low pH for 

isosaccharinic acids (GISA and XISA). 

Saccharinic acids are the main compounds resulting from the decomposition of 

polysaccharides and other carbohydrates in alkali conditions obtained in large amounts in 

wood pulping processes (Almond et al. 2012). Being such important acids, not only because 

the amounts produced, but also due to their applications in industry (described in 3.2), the 

knowledge of the physical properties has still important gaps. In aqueous solution, they exist 

as free acid (XISAH and GISAH) at moderately acidic pHs and as its conjugate base at pHs 

significantly above the acid's pKa (3.0 ± 0.05 for XISA and slightly higher, 3.86 ± 0.05, for 

both alpha and beta-GISA) (Ekberg et al. 2004) (check Table 3) Both, glucoisosaccharinic 

acid (GISA) and xyloisosaccharinic acid (XISA), lactonized in acidic solution to give their 

corresponding lactones (XISAL and GISAL) at low pH as can be seen in Figure 2. 
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Figure 3 Scheme of XISA’s behaviour in acidic solution 

In acidic conditions, as mentioned before, these acids form the conjugate lactones losing a 

water molecule and becoming cyclic molecules. Lactones can exist in equilibrium with the 

free acid forms, even though the presence of the first ones are higher as can be seen in the 

following Figure 4 (Almond et al. 2012). 

 

Figure 4 Behaviour of isosaccharinic acids depending on the pH. Relative concentrations 

 of the protonated carboxylic form (ISA
-
), the free acid (HISA = GISA) and the 

 corresponding lactone (ISAL = GISAL) (Ekberg et al. 2004) 

Lactonization processes are reversible and do not show the same speed in both sides. The 

transformation from the lactone form to the carboxylic protonated form (ISA-) is faster. 

However, the transformation from acid to lactone presents a half-life of 122.2 ± 0.6 min, 

exhibiting a first-order behaviour (Ekberg et al. 2004). 

The determination of lactonization constants of XISA and mainly GISA has been reviewed 

by different authors (Almond et al. 2012; Ekberg et al. 2004; Rai, Kitamura 2015; Allard, 
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Ekberg 2006) and the importance lie on the fact that complex properties are attributed to the 

form these species have and they can vary considerably. Lactonization process comes 

together with the protonation of the molecule which affects the specification of the acid. As 

free acids, they form strong complexes with many elements (e.g. Th, U, Np and Am) highly 

interesting for their industrial application in the metal ions’ leaching in intermediate level 

radioactive waste (Rai, Kitamura 2015). However, when these isosaccharinic acids are as 

their cyclic form (lactones), the strength of the complexes formed diminishes. Therefore, this 

property may affect as well the purification processes used for isolating these acids when 

resins using ligand are utilized and it is relevant to be noted in this work. 

Nesterenko et al. (2001) discussed in their work the effect that sulfuric acid can have to the 

partial formation of lactide from lactic acid in the chromatographic system when sulfonated 

catIon exchange resins are used. They found out two peaks when lactic acid was injected into 

the chromatographic column eluted with sulphuric acid. They attributed this result to the 

presence of lactide. 

3.2 Industrial applications 

The recovery and refining of the aliphatic carboxylic acids from black liquor integrated in the 

pulp industry is an interesting alternative to using them as fuel. Since only one-third of the 

total heat produced from burning black liquor for energy production comes from hydroxy 

acids, their recovery as liberated acids would add more value to the pulp mills. 

The targeted hydroxy acids (α-GISA, XISA and lactic acid) to be recovered in this work are 

especially interesting for the industry. All of them are industrial chemicals with a wide 

variety of applications including the preparation of biodegradable polymers and plastics, 

production of dyes and resins utilized in the food industry, in cosmetics and pharmaceutical 

industry (Sampath et al. 2014) and as chemical intermediates (Hajós, Nagy 1998; Shaw et al. 

2012). Moreover, all the hydroxy acids recovered can be converted into corresponding 

derivatives as polyalcohols, polycarboxylic acids, and esters by reduction, oxidation and 

esterification respectively (Barralet et al. 2005). 

Saccharinic acids, both GISA and XISA, are of interest because they are potentially useful 

raw materials in their pure form as metal chelating agents (Shaw et al. 2012; Almond et al. 

2012). Moreover, their metal chelating properties are of great interest for the storage of 

cellulosic waste (e.g. municipal waste, nuclear waste). Pandey et al. (2015) showed in their 
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research the efficiency of these acids, when coming from cellulosic wastes, for promoting 

leaching of metals into water courses.  

Another industrial application of isosaccharinic acids when enantiomerically pure form is 

their use in synthesis since their valuable carbon skeleton can be easily functionalized 

(Almond et al. 2012). Furthermore, by direct esterification of glucoisosaccharinic acid 

(GISA) with long chain fatty acid, emulsifying agents are obtained. 

Lactic acid is today commercially important chemical, together with formic, acetic and 

glycolic acid (Pandey et al. 2015). Glycolic acid and lactic acid have been widely used in a 

number of cosmetic and therapeutic formulations giving beneficial effects for the skin. 

Glycolic acid was the first hydroxy acid introduced into skin care products. Lactic acid, in its 

L-form, is also used in various formulations to exfoliate skin and it also provides antiaging 

properties (Kornhauser et al. 2010).  

The recovery of a mixture of lactic acid with glycolic acid is highly interesting for the 

production of poly(DL-lactic-co-glycolic) acid (PLGA) copolymer, a biodegradable polymer 

employed as carrier for controlled drugs delivery, in this case, curcumin. Curcumin loaded 

PLGA nanoparticles or nanofibers have been reported to exhibit good anticancer activity. 

Thanks to the capsule made of lactic and glycolic acid polymer, the factors that limited the 

use of free curcumin for cancer therapy (e.g. poor aqueous solubility, rapid metabolism, poor 

absorption) has been enhanced. Sampath et al. (2014) has successfully synthesized different 

lactic/glycolic acid polymers with various molar ratios of lactic to glycolic acid by melt 

polycondensation method improving the delivery dosage of the drug, as well as their poor 

bio-availability. 

So, there is considerable commercial interest for the recovery and purification of the hydroxy 

acids from black liquor in the industry. For this reason, it is so important to reach a proper 

fractionation of them as individual acids for revaluating the by-stream from the alkaline 

degradation of cellulosic material and adding more economical value to pulp mills. 
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4 Recovery and purification of aliphatic carboxylic acids 

from black liquor 

The recovery of aliphatic carboxylic acids from black liquor was discussed for the first time 

already in the 1980s (Alén, Sjöström 1980b). However, since then there have not been many 

publications related to this topic and mainly all of them are aiming the recovery of the 

aliphatic acids as a mixture without accomplishing the total fractionation and purification in 

order to obtain the individual acids (Mänttäri et al. 2015; Kumar, Alén 2014; Hellstén et al. 

2013b; Hellstén et al. 2013a).  

Therefore, as a starting point, it is crucial to point the difference between recovery of hydroxy 

acids from black liquor and their purification. When recovery of aliphatic carboxylic acids is 

discussed, it means, the separation of these acids from the black liquor as a mixture. 

However, when the term purification is used, it refers to the selective separation of the acids 

to obtain pure acids. The purification comes as a further step of the carboxylic acids recovery 

and it is the main focus of this work.  

The separation and purification of these organic acids for their further utilization in industry 

presents challenging problems lie on the complexity of the raw material (black liquor) and the 

limited knowledge of the properties of hydroxy acids. Until now, their separation as a mixture 

from the black liquor has only been achieved on laboratory scale (Alén, Sjöström 1980a, 

1980b, 1981; Alén et al. 1990; Kumar, Alén 2015; Hellstén et al. 2013a; Hellstén 2013a). 

Moreover, the technologies selected for this aim should not interfere with the closed cycle in 

the pulp mill industry (i.e. the recovery of cooking chemicals (white liquor) and the 

obtainment of extractives (oil soap)) in order to be totally integrated. 

This approach has only been faced by Hellstén et al. where an alternative route without 

addition of chemicals was reported. Furthermore, partial fractionation of hydroxy acids was 

obtained using size exclusion chromatography (Hellstén et al. 2013a; Hellstén et al. 2013b). 

4.1 Separation methods for the recovery of hydroxy carboxylic acids from 

black liquor as a mixture 

The technologies first proposed and applied until today for the separation of carboxylic acids 

were based on the same principle: the depletion of pH from 14 (black liquor) to 

approximately 2.5 in order to liberate organic acids from their sodium salts and removing 

lignin and NaOH from the mixture. The acidification of black liquor was performed by 
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adding a strong mineral acid, H2SO4, to the solution (Alén, Sjöström 1980a, 1981; Mänttäri et 

al. 2015; Kumar, Alén 2014, 2015) or by electrodiálisis (Alén et al. 1990). Both technologies 

operate with addition of chemicals due to the need of neutralization which most likely 

restricts the integration of the recovery process with a pulp mill. Therefore, in 2013, the first 

alternative technology for the recovery of acids from black liquor without additional 

chemicals was published (Hellstén et al. 2013a; Hellstén et al. 2013b). Instead of reducing 

the pH as mentioned before, a process based on size exclusion chromatography followed by 

ion exchange was developed. The cooking chemicals were recovered unaltered allowing the 

total integration of this process in the closed-cycle process used in pulp industry. 

The aforementioned study showed also the possibility to separate the acids mixture as 

individual acids. However, it has not been further discussed due to the difficulties of the 

separation. Regarding this separation of the acids mixture into independent acids, the main 

concerns lie on their physical and chemical properties. Hydroxy carboxylic acids present low 

vapor pressure, similar water solubility, presence of impurities and tendency to experience 

self-esterification (basically for isosaccharinic acids) (Radej, Kristofova 1964b; Almond et al. 

2012; Kornhauser et al. 2010; Allard, Ekberg 2006; Ekberg et al. 2004; Miltenberger 2000). 

Currently, the recovery of hydroxy acids as a mixture has only been accomplished by five 

different routes stated chronologically as follows: Distillation under pressure (Alén, Sjöström 

1980b, 1981), Ion exclusion Partition Chromatography (Alén et al. 1990), Size exclusion 

chromatography (Hellstén et al. 2013a; Hellstén et al. 2013b), Esterification of the acids 

followed by Distillation (Kumar, Alén 2015) and Nanofiltration (Mänttäri et al. 2015). The 

different routes mentioned are presented schematically in Figure 5. However, none of them 

have been successful, profitable and optimal enough to be integrated with a pulp mill. 

Examining the different alternatives suggested together with identifying their strengths and 

weaknesses can surely lead to new interesting approaches.  
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Figure 5 Routes used for the full scale purification of hydroxy acids from black liquor  

4.1.1 Distillation under pressure 

In 1980, Alén and Sjöström presented the first technique for carrying out the separation of 

hydroxy acids from a crude acids fraction isolated from black liquor (Alén, Sjöström 1980b). 

Distillation at pressure of 0.067-0.173 kPa was the unit operation selected for the acids 

recovery achieving a total of 45% being mainly glycolic, lactic and 2-hydroxybutanoic acids. 

They also managed to perform the separation of glucoisosaccharinic acid becoming the main 

component (50%) of the acid fraction after distillation. However, the isolation of 

glucoisosaccharinic acid could only be possible after further purification of the initial crude, 

i.e. first removing the cations with cation exchange resin and then extraction of the effluent 

with ethyl acetate (Green 1956; Kornori et al. 1975; Radej, Kristofova 1964a). 

Unfortunately, hardly feasible on the industrial scale, but achieving a total acid yield about 

70%.  

The choice of using distillation for this purpose is justified by checking the relationships of 

the vapour pressure depending on the temperature for the hydroxy acids of interest (Alén, 

Sjöström 1980b). The differences observed enabled the distillation of these acids playing with 

two parameters, pressure and temperature. Table 4 presents the distillate compounds obtained 

depending on the temperature and vapour pressure. Lignin was removed from the black 

liquor used in the experiment by means of different steps of addition of sulfuric acid and 

filtration until the pH was 2.5. 

Black liquor Hydroxy acids mixture 
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Table 4 Main distillate compounds obtained depending on the pressure and temperature 

 during the distillation process of crude acids from black liquor previously 

 subjected to ion exchange (removal of the cations) and extraction (using ethyl 

 acetate) (Alén, Sjöström 1980b) 

Fraction T (°C) P (kPa) Main compounds 

1st 60 0.133 

Water 

Formic acid 

Acetic acid 

2nd 100-110 0.093 

Lactic acid 

Glycolic acid 

2-hydroxybutanoic acid 

3rd 150-160 0.133-0.160 
2-hydroxypentano-1,5-lactone 

Xyloisosaccharino-1,4-lactone 

Max. 180 0.173 Viscous mixture 

The maximum temperature reached was not enough for distilling glucoisosaccharinic acid 

because, due to lignin impurities, the mixture became highly viscous and unfeasible to 

distillate. Therefore, different concentrations of lignin in the feed were tested in order to 

check the influence of lignin impurities. It was found that 30% of Kraft lignin inhibits 

completely the distillation of pure α-glucoisosaccharino-1,4-lactone. 

Emphasizing the properties of the hydroxy acids recovered, 2,5-dihydroxypentanoic acid 

(5.1% of the total composition of hydroxy acids recovered) was completely converted to its 

lactone during the distillation and xyloisosaccharinic and α-glucoisosaccharinic acids (5.8% 

and 1.0% respectively) were mainly in the lactones form as well but in their case, already in 

the crude fraction (Alén, Sjöström 1980b). Moreover, it should be taken into account when 

using distillation that glycolic acid is pretty unstable even though its heat of vaporization is 

close to lactic acid’s (Chalmers, Watts 1972).  

The authors concluded the work (Alén, Sjöström 1980b) considering distillation as a suitable 

method for the separation of low molecular weight hydroxy acids and also suggesting its use 

for the fractionation of individual acids improving its performance with a previous 

esterification step of the acids (Alén, Sjöström 1980b). However, the main drawbacks of this 

technology come from the need to operate at low pressures in order to obtain the maximum 

yield and the huge effect of lignin impurities during the performance. Thus, a most efficient 

pretreatment for removal of lignin and an improved distillation technology could probably 

improve the results mentioned. 
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4.1.2 Ion exclusion Chromatography 

The second method dealing with the purification and proper isolation of the individual 

hydroxy acids involved ion exclusion chromatography (Alén et al. 1990). The separation of 

the hydroxy carboxylic acids from inorganic solids was performed in pilot-plant scale. As 

shown in Figure 5, the black liquor was first pre-treated in order to remove most of the lignin 

and liberate the hydroxy acids acidifying them with sulphuric acid (almost the same pre-

treatment as the one used for the distillation under pressure). The key step of the process 

takes place in the columns containing a strongly acidic polystyrene cation exchange resin (H
+
 

form) cross-linked with 4% divinylbenzene, well-known as ion exclusion chromatography 

(Alén et al. 1990).  

Ion exclusion chromatography was considered to be an effective and economical separation 

method for obtaining aliphatic carboxylic acid components even though this route had never 

been applied before in such a purpose. By 1990s, IEPC had only been employed in the sugar 

industry (Chernikova, Rutskaya 1983) and experimentally in the field of separation of 

sulphite spent liquor components (Hassi et al. 1981). Donnan effect excluding large ions from 

the resin in contrast to the neutral and other effects such as adsorption were the main reason 

for using ion exclusion chromatography for the first time in this field (Walser 1988). 

The results obtained by using this technique were under appropriate conditions and using 

warm water as eluent for the ion exclusion chromatography, two distinct fractions consisting 

mainly and respectively in hydroxy acids (eluted slower, back fraction) and sodium sulphate 

(front fraction) could be obtained. Two fractionations were needed in order to accomplish the 

removal of sodium sulphate since the feed liquor was highly concentrated. The parameters 

established for both separations are presented in the Table 5 below and the scheme of the 

multi-step separation is presented in Figure 6. In Table 5, the different characteristics of the 

second separation are presented, as well as, a third separation done with the mixture of the 

front fractions (poorer in hydroxy acids) and the one done with the backs mixture. This last 

separation aimed to separate the free sulphuric acid and the low-mass impurities of lignin 

(Alén et al. 1990). Fractionation IID (see scheme presented in Figure 6) was the one with the 

highest loading and 65% of hydroxy acids were recovered with about 95% of purity. 

Therefore, this fraction was the one used for further fractionations. 
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Figure 6 Fractionation scheme for the ion exclusion chromatography process described 

 by Alén et al. (1990) 

Table 5 Parameters utilized in the diffferent steps of the ion exclusion chromatographic 

 separations showed in Figure 6 (Alén et al. 1990). 

Fractionation 

Loading  

(g dry matter/dm
3
 

resin) 

Bed volume 

(dm
3
) 

Flow rate 

(BV/h) 

Peak Hydroxy Acids  

(g/dm
3
) 

I 34.7 1000 0.25 45 

IIA 14.4 200 0.10-0.13 105 

IIB 28.8 200 0.10-0.13 135 

IIC 42.4 200 0.10-0.13 180 

IID 59.1 200 0.10-0.13 180 

III (FRONTS) 25.9 200 0.1 145 

IV (BACKS) 47.2 200 0.1 230 

Fractionation of IID to individual hydroxy acids showed differences in retention times 

between different forms of glucoisosaccharinic acid and dicarbocylic acids (eluted faster, 

around 170 dm
3
) and  glycolic and lactic acids (slower elution around 190 dm

3
 of effluent) 

(see Figure 7). The highest total concentrations obtained were 45% glucoisosaccharinic acid, 

30% glycolic acid, 25% lactic acid and 15% dicarboxylic acid together with the volatile acids 

(formic and acetic) (Alén et al. 1990). No information of the purities is described in their 
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work. Important to highlight that the hydroxy acids existed, when possible, as lactones due to 

the acidic conditions during the separation.  

 

Figure 7 Fractionation of individual hydroxy acids in Separation IID (Alén et al. 1990) 

The utilization of ion exclusion chromatography for fractionation of individual hydroxy acids 

seems a powerful starting point. However, several factors were not considered and they could 

strongly influence the behaviour and the separation of these aliphatic acids. More studies 

should be done since no more studies have been published following this approach. Some of 

the factors that were not investigated but stated by Alén et al. (Alén et al. 1990) in the article 

are the strength of the acids of interest, their tendency for lactonization and also steric effects 

which may affect their elution. These properties are discussed in 3.1 Properties. 

4.1.3 Size exclusion chromatography and adsorption 

Hellstén et al. (2013b) suggested a five-step process for the recovery and purification of 

valuable acids from black liquor where SEC and adsorption are part of it. The final solution 

obtained was a hydroxy acid mixture (7 wt% of volatiles) 81 wt% pure for soft-wood soda 

black liquor and 63 wt% for the hard-wood. The obtained hydroxy acids mixture can be 
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directly polymerized or subjected under further purifications for obtaining the different acids 

as individual solutions. The process is schematically described in Figure 8. 

 

Figure 8 Process for fractionation of black liquor (Hellstén et al. 2013b) 

The main key steps in the process were the SEC, for the separation of NaOH, and the 

adsorption, for removing the residual lignin. These steps were performed in a 

chromatographic column filled with Sephadex G-10, a size exclusion gel, and Amberlite 

XAD-16, a neutral PS-DVB polymeric adsorbent, respectively. 

However, the total process also has an ultrafiltration step used for removing the lignin 

efficiently and facilitating the further removal of sodium hydroxide by means of SEC. After 

performing the liberation of the acids in the ion exchange step, another lignin removal unit by 

means of adsorption takes place and finally, evaporation of the volatiles and water in order to 

improve the purity of hydroxy acids in the final mixture. 

In the SEC step, some fractionation of the acids by size exclusion already occurred (Hellstén 

et al. 2013a), though it was not the main goal of the process. The elution profile showed an 

earlier peak of isosaccharinic acids compared to the other hydroxy acids, but no pure acids 

were obtained from this step since all the fractions collected were acids mixtures with 

volatiles as main compounds (Hellstén et al. 2013b). However, it was stated by the authors 

that a single hydoxy acid (mainly speaking about α-GISA, which purity in one of the 

fractions was 69%) might be obtained if the aim would be the purification of this acid as 

individual one. 

The liberation of the acids was performed by means of ion exchange (Hellstén et al. 2013a) 

in order to obtain the carboxylic acids in acid form. The last adsorption step which also 

differs from other previous works, aimed the removal of the residual lignin which ranged 

from 1.4 to 4.3 g/L. In this stage, no losses of hydroxy acids were observed. At the end, as 

also done by other previous researchers (Alén, Sjöström 1980b), distillation under pressure 

was selected for concentrating the hydroxy acids mixture and  removing the volatiles. 
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The main advantage of the suggested process among previous ones (e.g. among those 

presented in Alén, Sjöström 1980a, 1980b, 1981; Alén et al. 1990; Kumar, Alén 2015; 

Mänttäri et al. 2015) is that neutralization of black liquor is not required, reducing strongly 

the chemicals consumption and also facilitating the total integration of this process with the 

pulp mill. Moreover, a high recovery of the hydroxy acids is obtained through the process 

and the main impurity, lignin is reduced by 99% approximately. Nevertheless, the challenge 

lies on the different steps needed for achieving the targeted acids that might be slightly 

complicated and required still complete optimization and conclusions regarding the process 

economics. 

4.1.4 Esterification and Distillation 

Following the suggestion stated by Alén and Sjöström in their paper (Alén, Sjöström 1980b) 

of esterifying the acids before distillate them was finally performed and published in 2015 

(Kumar, Alén 2015) and more articles are expected regarding the same topic. The main 

approaches of the work are the partial recovery of volatile formic and acetic acids by 

distillation and the separation of low-molecular-mass hydroxy acids according to their 

volatility as methyl esters using the residual hydroxy acids fraction (high-molecular-mass 

hydroxy acids) for the production of biosurfactants 

The process selected is shown in Figure 5. After precipitating most of the lignin (70% of the 

initial) by carbonation and liberating the aliphatic carboxylic acids from sodium in the 

acidification stage, free volatile formic and acetic acids are recovered by distillation in the 

evaporation step being about 50% of the total acids. Addition of methanol is needed in order 

to separate the sodium sulphate (Na2SO4) formed by precipitation. Once the crude fraction of 

hydroxy carboxylic acids is obtained as the liquid phase, the acids are esterified. Hydroxy 

acids were esterified with methanol (also possible with other alcohols such as ethanol) in the 

presence of an acid catalyst (Amberlyst 15)  and was performed in a batch reactor (Kumar, 

Alén 2015). A solid catalyst was used in order to tailored the reaction and obtain the desired 

esters. The influence of the refluxing time was checked obtaining approximately 50 % yield 

for 8h and it increased, but slower, reaching 70% in 16h.  

The main reason for the esterification of acids before distillation lies in the fact that esters do 

not self-associate, therefore they are more volatile than carboxylic acids. The relative 

volatilities of some acids of interest once esterified are presented in Table 6. The 

specifications for the methyl esters are not specified by Kumar and Alén (2015) since they 
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were preliminary experiments that will be included in forthcoming studies together with the 

separation of these esters by distillation varying conditions. By the volatility values presented 

in Table 6, it seems still that, in order to obtain high purification yields, distillation in low 

pressure might be needed, and probably with similar conditions as the one performed in 

1980s (Alén, Sjöström 1980b). 

Table 6 Relative volatilities of some acids. Pressure is not specified for Methyl Esters 

 (Kumar, Alén 2015) and Ethyl Esters were analysed at 0.5-0.7 kPa (Alén 1981) 

Esters                                        
Alcohols Methanol Ethanol 

Alcohol Glycolate 1 1.3 

Alcohol Lactate 1.7 1.6 

Alcohol 2-hydroxybutanoat 1.6 1 

Furthermore, another incentive for using esterification lies on the use of this technique in 

large-scale. This technique has already been applied in industry for the separation and 

purification of lactic acid from fermentation broths (e.g. some studies related to that are those 

stated by Sun et al. (2006) and Zhao et al. (2009)) where once the acid is separated, it is 

hydrolysed in order to obtain the pure acid. Due to the successful separation of this acid 

following esterification process, Kumar and Alén (2015) suggested its implementation for of 

hydroxy acids from black liquor.  

Kumar and Alén (2015) were able to separate the volatile acids (formic and acetic acids) 

which imply 50 % of the total acids by straight forward distillation (evaporation stage), low-

molecular-mass hydroxy acids (glycolic, lactic and 2-hydroxybutanoic acids) which are about 

15% of the total and they left as residue the high-molecular-mass hydroxy acids (mainly 

isosaccharinic acids) being 35% of the total approximately. The justification of not separating 

the residue lies in their future use as biosurfactants (Kumar, Alén 2015). However, results 

might change when using other alcohols in the esterification process which could provide 

wider intervals in the volatilities of the acids of interest and the possibility of fractionating the 

main hydroxy articles (including the high-molecular-mass hydroxy acids) is appealing. All in 

all, changing the form of the acids to esters or others could be a way to affect the behaviour 

of the correspondent acids in different techniques, not only in distillation, but it will require 

most probably more steps in the process. Nevertheless, it might be highlighted the increase in 

chemical consumption due to the transformation of the acids to ester form, which in the work 
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from Kumar and Alén (2015) is reduced to the half due to only 50% of the total acids are 

converted to esters and the rest are discarded for further steps. 

4.1.5 Nanofiltration 

The purification of organic acids from black liquor has also been studied by combining 

membrane filtration processes with acidification and cooling crystallization (Mänttäri et al. 

2015). Ultrafiltration (UF) of Kraft black liquor was studied due to the possibility to recover 

simultaneously the lignin and organic acids into separate fractions. The process presented 

(see Figure 5) started with acidification of the black liquor in order to remove the lignin. 

After ultrafiltration (lignin retention ranged from 60 to 80%), the solution was led into a 

cooling crystallization process aiming to remove the inorganic salts and water hydrates at -

4ºC as crystals (97% removed).  

The organic acids fraction (pH of approximately 2) was then purified by nanofiltration in 

diafiltration mode. The main reason for the separation achieved was due to size exclusion as 

stated by the authors (Mänttäri et al. 2015). The membrane used was successful in the 

fractionation of organic acids since the retention of isosaccharinic acids (XISA and GISA) 

was significantly higher compared to volatile acids (formic and acetic acids), lactic and 

glycolic. It was also noticed during the research that GISA retained 15-30% units better than 

XISA. Thus, some separation among the hydroxy acids was achieved. 

Figure 9 shows the results obtained in Mänttäri et al. (2015) study proving the significant 

improvement in the acid purity due to nanofiltration. The validity of this unit operation for 

further purification of the hydroxy acids into individual high purity solutions should be 

further checked, since its performance seems truly promising. However, an effective lignin 

removal step must be performed in order to avoid fouling of the membrane and lost in the 

retention.  
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Figure 9 Composition of the black liquor used as feed, the liquor after precipitation and 

 cooling crystallization, and NF permeate after diafiltration (the group other 

 represents mostly inorganic compounds) (Mänttäri et al. 2015) 

Weaknesses of the process suggested by Mänttäri et al. (2015) are the huge effect that size 

exclusion and mainly electrostatic repulsion may produce in the recovery of hydroxy acid by 

membrane filtration, together with the high sensitivity of the process to changes in the 

filtration conditions and compositions. Moreover, fouling of the membranes will always be a 

major concern when working with these techniques. However, it has an important advantage, 

the results of the study proved that the process suggested (see Figure 5) enables the 

improvement of the purity of the organic acids' mixture from 21% in the initial black liquor 

to 80% after the nanofiltration step. 

4.2 Separation methods for the fractionation of black liquor to individual 

hydroxy acids 

Fractionation and purification of hydroxy acids from black liquor has only been 

accomplished partially twice by means of strong acid catIon exchange resin in Na
+
 form 

(Alén et al. 1990) and also, by using size exclusion chromatography (Hellstén et al. 2013a; 

Hellstén et al. 2013b). Even though the resolution in both works was quite poor, partial 

separation between hydroxy acids could be observed.  

Alén et al. (Alén et al. 1990) investigated the separation of hydroxy acids from sodium 

sulphate when partial fractionation of the first ones was noticed, coupled with the separation 

between hydroxy acids and volatile acids. Hellstén et al. (Hellstén et al. 2013a; Hellstén et al. 

2013b), though, found out partial fractionation of hydroxy acids when Size exclusion 
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chromatography was applied for the separation of NaOH as discussed previously when 

speaking about separation of hydroxy acids.  

Therefore, chromatographic separation can be seen as a promising technique for achieving 

the fractionation and purification of hydroxy acids from black liquor. Consequently, it will be 

discussed in wider extent in Chapter 5 where an overview of the different chromatographic 

methods used in the purification of hydroxy acids in general is presented. 

4.3 Challenges in the purification of hydroxy acids as individual compounds 

from black liquor 

The separation and purification of hydroxy acids from the inorganics and lignin of black 

liquor is challenging. Until now, various separation methods for recovering them as a mixture 

have been proposed (discussed in Chapter 4.1), but none of them have obtained individual 

hydroxy acids in high purity. However, the value of the recovery of these hydroxy acids as 

individual acids for being used in the industry is definitely high for the pulp industry. 

Therefore, it is nowadays intensively studied  

The main challenges lie on the removal of lignin type compounds from black liquor and in 

the high pH of the black liquor. This raw material has a complex matrix that consists of 

numerous components with unknown properties which complicates the proper selection of 

the separation technology. The main focus of previous studies has been focus on  finding the 

most efficient technique for the removal of lignin and separate it from the hydroxy acids as a 

mixture. In this study, another concern is in the addition of chemicals during the unit 

operations for recovering the hydroxy acids. The aim is to lower the amount of external 

chemicals added (e.g. the sulphuric acid used in some studies) or eliminating them 

completely in order to lower the pH of the lignin. This would help in the better integration of 

this process with the pulp mill and it would make the process more sustainable as well. 

Another aspect that must be taken into account when designing a process for the recovery and 

purification of hydroxy acids from the initial black liquor is the recovery of the cooking 

chemicals and lignin. This is important in order to ensure that the closed-cycle in pulp mill 

for the recovering of the cooking chemicals (white liquor) once it is spent in the digester will 

not be altered. Moreover, the recovery of the lignin for energy production will add more 

value to the process suggested. Even though the energy produced with that would be lower 

than when all the side-stream (lignin and hydroxy acids) was combusted, 2/3 of thatenergy 
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production would be obtained (Hellstén et al. 2013a; Mänttäri et al. 2015; Hellstén et al. 

2013b). It means that it should be possible to fully integrate the process with a pulp mill.  

and, in order to accomplish this goal, it is important to come up with a continuous process. 

Taking all the challenges into consideration, the final target of this thesis is to design and 

experimentally test a complete process for the recovery of hydroxy acids from black liquor, 

with main focus on isosaccharinic acids, in high purity and as individual acids with low 

consumption (or no addition) of chemicals, enabling the re-use of the cooking chemicals and 

lignin for energy production and adding value to pulp mill by enabling production of valuable 

acids for the industry. 

  



 

31 

5 Chromatographic separation methods for the purification 

of the acids from a hydroxy acids mixture 

The research on different techniques for the recovery and purification of hydroxy acids has 

already reached to an extent where well-established separation processes have been discussed 

by different authors (e.g. precipitation, ultrafiltration, electrodialysis, distillation, cooling 

crystallization, chromatography) without finding the degree of adequacy for the desired 

results (i.e. purification of hydroxy acids as independent acids for further industrial 

applications), as introduced in Chapter 4. However, chromatography, seems to be a promising 

technique for this separation task. 

Chromatographic separation methods present many advantages over the aforementioned 

techniques being the most important, its high selectivity together with that it is more 

environmentally friendly technique than the previous mentioned (Blanc et al. 2015). 

Therefore, this powerful separation method is being more and more used in a huge variety of 

fields (e.g. biotechnology, sugar industry, fine chemicals’ production); although, it was 

initially developed for the separation and purification of complex mixtures of vegetable 

origin. The main disadvantage is the dilution of the products obtained that, normally, need to 

be concentrated due to the volumes of eluent used. Nevertheless, it is not a big concern when 

the eluent used is water. 

Despite all these attractive features that set chromatography as a strong separation method, 

the main interest for this work lies on its ability to separate organic acids including hydroxy 

acids. This has been successfully tested in analytical scale for the separation of complex 

mixtures where some hydroxy acids are involved (e.g. beverages, broths, food, waste water, 

racemic mixtures) (Blanc et al. 2015; Nam et al. 2012; Chinnici et al. 2005; Nesterenko et al. 

2001; Glód 1997; Katoh et al. 1989; Gübitz, Mihellyes 1984). Furthermore, in preparative 

scale, chromatography has been already used for the separation of various carboxylic acids 

(Papp, Keresztes 1990; Ohta et al. 1996; Mori et al. 2011; Jozefonvicz et al. 1978) mainly by 

means of ion exclusion chromatography. 

Few studies discussing the used of chromatographic techniques for the separation of the acids 

from black liquor have been published. High-performance liquid chromatography with 

atmospheric pressure chemical ionization mass spectrometric detection (HPLC-APCI-MS) or 

the simplified method, HPLC-MS, seemed to be a potential method for identifying and 
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analysing rapidly complex mixtures of hydroxy carboxylic acids from black liquor (Käkölä, 

Alén 2006). Moreover, anion exchange chromatography has been also successfully applied in 

the determination of carboxylic acid in black liquor (Käkölä et al. 2008) Size exclusion 

chromatography has also been found to be suitable for the fractionation of hydroxy acids 

from black liquor since partial fractionation of hydroxy acids was obtained when separating 

them from NaOH (Hellstén et al. 2013a; Hellstén et al. 2013b). It has been already discussed 

in more detail in Chapter 4. However, the final purification in order to obtain the hydroxy 

acids  as individual acids has not been reached, which is the aim of this work. 

The careful selection of the support material and its properties (e.g. degree of sulfonation, 

degree of cross-linking, co-ions) in chromatography leads to a better separation of the 

compunds. Therefore, better understanding of the different mechanisms involved in the 

elution of hydroxy acids, as well as, an overview of the different materials already used for 

aliphatic acids, and even better, for hydroxy acids identification, are a key point for reaching 

the target of this work, the recovery of hydroxy acids as individual acids from black liquor.  

5.1 Main mechanisms in the retention of Hydroxy Acids 

Retention mechanisms in chromatographic techniques are complex. Different 

chromatographic separations receive the name of the dominant retention mechanism; 

however, in addition to the main mechanism there are always other effects to be considered 

and they always depend on the support used. The main mechanisms present in the retention 

of hydroxy acids are introduced in the next chapters. 

5.1.1 Ion exclusion 

Ion exclusion mechanism is based on the ionization of the molecules in the feed. Ionized 

samples are excluded from the pores of the support (i.e. cation- or anion exchange resins) and 

elute first while the weakly ionized and non-ionic compounds elute later due to the 

interaction. Therefore, ion exclusion chromatography is widely used for determining weakly 

ionized and neutral compounds with low molecular mass (e.g. organic acids, amino acids, 

alcohols, carbohydrates) from mixtures having very complex compositions (Glód 1997; 

Nesterenko et al. 2001).  

The characteristic feature of ion exclusion chromatography is its ability to separate low 

molecular mass compounds by using ion exchange resins without performing ion exchange. 

The counter ions are the same molecule as the corresponding ion in the solution; thus, they 



 

33 

have the same charge. This equilibrium avoids ion exchange but enables partition phenomena 

which is the responsible to slowdown the compounds according to their affinity for the resin 

obtaining the desired separation (Blanc et al. 2015). It is widely used in sugar industry to 

achieve the separation of sucrose from salts mainly with cationic resins. 

Currently, the role of ion exclusion chromatography in the industry is wider and a plenty of 

different resins are offered. Some typical industrial applications nowadays include crystalline 

fructose, beet molasses separation, xylose recovery, amino acids, separation of organic acids, 

among others.  

5.1.2 Adsorption 

Adsorption mechanisms include hydrophobic and hydrophilic adsorptions that they are 

directly related to the stationary phase used. Hydrophobic adsorption chromatography (HIC) 

use to be complementary to other chromatographic modes such as ion exchange (IEC), size 

exclusion (SEC) and affinity chromatography. The main principle lies on the interaction 

between the hydrophobic ligands on the stationary phase and the apolar sections of the 

molecules in the feed due to the chemical potential difference across the phase boundary. 

This technique is present in the majority of biological and physicochemical processes (Fanali 

et al. 2017). 

Hydrophobic interactions have a strong role in PS-DVB columns and silica gel columns, 

when weak acids such as higher aliphatic carboxylic acids and aromatic carboxylic acids are 

strongly retained, avoiding them to come out of the column. Then, these stationary phases are 

usually tailed using various organic modifiers such as alcohols and sugars in the eluent which 

reduce the hydrophobic interaction (Ohta et al. 1996). Nevertheless, the addition of these 

modifiers is restricted for PS-DVB resins due to shrinking of the columns at high 

concentrations are fed to the column.  

Hydrophobic adsorption has for some compounds higher impact than Ion exclusion in their 

retention. Aliphatic acids present almost invariable dissociation constants but, however, they 

differ largely in retention time. The reason lies in the hydrophobic adsorption of the resin 

network (mainly in styrene-divinylbenzene copolymer-based resins) retaining strongly 

molecules of lower polarity. It results, for example, in weakly retentions of carboxylic acids 

with branched compare with the corresponding straight chain isomers (Glód 1997). For 
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taking advantage of this mechanism, the use of buffered mobile phases and/or the addition of 

ion interaction reagents to the mobile phase could be applied. 

5.1.3 Ligand Exchange 

Ligand Exchange Chromatography (LEC) aims the separation of compounds able to form 

labile complexes with metal ions. It is based on the immobilization of metal ions, generally 

transition metals as Cu(II) and Ni(II), on a stationary phase which binds molecules of the feed 

analysed. These molecules are called ligands and they possess electron-donating functional 

groups responsible of forming labile coordination with the cation attached to the support, 

usually a cation exchanger with sulfonic or carboxylic functional groups (Davankov et al. 

2000). 

Hydroxy acids, amino alcohols, and amino acids are the most typical ligands (i.e. electron-

donor molecules in the feed analysed) due to their chiral character which are carried together 

with the mobile phase, containing a displacing ligand which is generally ammonia, but also 

water is used (Walton 1995). Concerning the metal attached in the support, Cu(II) ions are 

mainly chosen because of the complexes formed with the before-mentioned ligands that are 

by far the most stable M(II) complexes of the first series of transition elements. Those 

compounds in the feed analysed forming stronger complexes are the ones retained longer on 

the metal ion-incorporating stationary phase (Davankov et al. 2000). 

LEC has been successfully applied for the chiral separation of hydroxy acids enantiomers 

using either chiral stationary phases (Katoh et al. 1989; Jozefonvicz et al. 1978; Gübitz, 

Mihellyes 1984; Kurganov, Davankov 1981) some using copper(II) complexes of (S)-amino 

acids covalently linked (Gübitz, Mihellyes 1984) or dynamically adsorbed (Katoh et al. 

1989); or chiral selectors as additives to the mobile phase (i.e. the metal ion is part of a chiral 

complex that is doped into the mobile phase in order to interact with the targeted molecules 

from the feed) (Schmid et al. 2000; Oelrich et al. 1980; Galaverna et al. 1995; Horikawa et al. 

1986). Main supports developed are chiral silica-bonded stationary phases, chelating resins 

and catIon exchange resins, the most commonly type used is carboxylate resins because of 

the strong ion-holding between the functional –COO
-
 and Cu(II) (Kurganov, Davankov 

1981). They are reported in more detail in Chapter 5.2. 

LEC can be considered as a very versatile separation technique due to the infinitive variations 

that can be done (i.e. one can vary the nature of the Ion exchanger, the metal ion, the eluent 
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and performance conditions as pH and temperature). Nevertheless, it also present some 

problems as the precipitation of copper hydroxide due to the water interaction with Cu(II) 

ions that act as a competitive displacing ligand (Walton 1995). Generally, ammonia is then 

added to the eluent in order to prevent precipitation of copper hydroxide (Schmid et al. 2000). 

A second problem lies on the displacement to some extent of the metal ions attached in the 

stationary phase, since they do not remain totally immobile and it suppose a nuisance in 

preparative chromatography to find metal ion in the effluent. It can be minimized by using 

chelating resins (i.e. Ion exchanger with functional chelating groups).  

All in all, LEC is a promising separation technique not only for racemic mixtures but also for 

the purification of hydroxy acids. 

5.1.4 Size exclusion 

When separating hydroxy acids as individual acids, size exclusion mechanism should not 

play an important role compared to adsorption, but it is likely to help in the division between 

low- and high-molecular mass hydroxy acids (Table 1). Hellstén et al. (2013a) mentioned 

that the separation selectivity of hydroxy acids it is not determined only by size, the 

concentration of ionic species has major effect on it, as it happens with other species. 

Size exclusion mechanism is based on the differences in the hydrodynamic radii of the 

molecules and the pores of the separation material (Nesterenko et al. 2001; Penner et al. 

1999). It forces small-size molecules to take a longer way through the porous of the resin 

reaching the outlet of the column later than the larger ones. SEC is also known as gel 

permeation chromatography or gel filtration chromatography, since the stationary phase is 

often a gel . 

5.2 Promising stationary phases for obtaining individual Hydroxy Acids 

The behaviour of different compounds when using chromatographic separation can be 

described by two types of features: the affinity between each molecules and the stationary 

phase (see chapter 5.1) and the type of resin used (Blanc et al. 2015). The most promising 

stationary phases found for the proper separation of hydroxy acids are described below. 

5.2.1 Silica 

Silica based stationary phases have been tested on analytical scale for the separation of 

racemic solutions of amino acids and hydroxy acids (Davankov 1994; Gübitz, Mihellyes 
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1984; Katoh et al. 1989). Silica-bonded chiral ligand exchangers are normally expected to 

demonstrate better column efficiencies than polymers but they required elevated temperatures 

(around 50ºC) to generate enough number of column plates. Moreover, silica based stationary 

phases can only perform properly when using neutral or weakly acidic aqueous-organic 

eluents (pH within the interval 4 to 6). 

Activation of the macroporous microparticulate of silica gel is needed in order to obtain an 

adequate chiral ligand exchanger. It can be reached with the addition of aminopropyl, 

chloroalkyl or 3-glycidoxypropyl groups. The first one in the market was L-proline 

incorporated silica. Nowadays, several silica-bonded ligand exchangers are commercially 

available (Davankov 1994). Tailored silica gel is a good strategy for achieving the required 

retention for the separation of carboxylic acids since residual silanol groups in the structure 

may show too strong interactions with some compounds avoiding them to pass through it 

(Penner et al. 1999). 

The separation of mandelic acid among some other hydroxy acids has been achieved by 

means of LEC by fixing L-amino acids via 2-glycidoxypropyl-trimethoxysilane to silica gel. 

The highest selectivity for 2-hydroxy acids was reported to be when L-hydroxyproline was 

the fixed ligand in the support, Cu(II) was used as complexing agent and aqueous copper(II) 

sulphate as the eluent (Gübitz, Mihellyes 1984). The traces of the immobilized copper 

obtained in the effluent in preparative experiments can be resolved by gravity filtration 

through small additional columns packed with silica as well or other resins. 

In analytical scale, it was studied the separation of mandelic acid applying a commercial 

silicon-based column as stationary phase and L-phenylalanine copper complex as the chiral 

constituent of the mobile phase (Oelrich et al. 1980). 

5.2.2 Activated Alumina 

Alumina is a polar adsorbent and is preferred for the separation of components that are 

weakly or moderately polar, with the more polar components retained more selectively by the 

adsorbent, and therefore eluted from the column last. In addition, alumina is a basic 

adsorbent, thus preferentially retaining acidic compounds (Yang 2003;Alcoa Industrial 

Chemicals 2001).  
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It is a versatile adsorbent that can be tailored for many special applications. However, little is 

known about the details of the modifications performed, since private companies are the ones 

researching on it (Alcoa Industrial Chemicals 2001).  

The main applications of alumina are in acid gas removal and water treatment. The alumina 

tailored for achieving the efficient removal of oxygenates has relatively low soda, high Lewis 

acidity (i.e. high-surface O vacancies) and very low Bronsted acidity (Alcoa Industrial 

Chemicals 2001). It allows a high selectivity towards Lewis bases (e.g. alcohols, aldehydes, 

peroxides, ketones and other carboxylic acids such as hydroxy acids) . 

The interaction of alumina with organic molecules of smaller weight than 200 g/mol is 

negligible, i.e. there is no adsorption, unless they have functional groups such as carboxylic, 

phenolic-OH or amino groups which substitute the surface hydroxyl groups of the matrix 

forming complexes, which is the case of hydroxy acids (Kasprzyk-Hordern 2004). However, 

the complexes formed are sometimes extremely strong, high adsorption energies, enhancing 

the removal of these compounds but making their recovery more challenging as they remain 

stacked in the adsorbent medium. The performance of alumina in separation of carboxylic 

acids is greatly affected by pH, since it affects their degree of dissociation in aqueous 

solutions. 

5.2.3 Ion Exchange resins 

Ion exchange resins are prepared by sulfonation (strong cation exchange resins), acrylic or 

methacrylic acidification (weak cation exchange resins) and chloromethylation or amination 

(anion exchange resins) of a cross-linked bead copolymer. Typical copolymers used are 

based on the macro-porous styrene and divinylbenzene due to their ability to exchange 

cations or split neutral salts across the entire pH range (Dow Liquid Separations 2000).  

IEC of organic acids is usually performed using weakly cross-linked (4-16%) sulfonated 

catIon exchange resins based on polystyrene-divinylbenzene (PS-DVB) as support and dilute 

aqueous solutions of acids as eluent (Nesterenko et al. 2001). Normally, these resins are 

highly sulfonated when the separation of carboxylic acids is aimed. It is well-known that in 

addition to Ion exclusion effect (Donnan exclusion), these supports present mechanisms as 

size exclusion and hydrophobic interactions involved in the retention of targeted compounds 

(Klampfl et al. 1997). Moreover, the concentration of the eluent makes an important effect in 

the retention of organic acids in the sulfonated catIon exchange resins, it controls the degree 



 

38 

of ionization of the acids. Nesterenko et al. (2001) studied this effect with model compounds 

finding a weak impact  to the retention time. However, a big impact in the retention times eas 

observed when acetonitrile was added to the eluent when using HCPS-sulfo sorbent. This is 

likely to be due to a change in the activity of adsorption centers of the polymer matrix 

because of hydration (Nesterenko et al. 2001). The results are presented in Figure 10 where 

can be observed the decreased in the retention time of the acids when acetonitrile is added. 

But, better separation is obtained when only water is used.  

 

Figure 10 Effect of the concentration of acetonitrile in the eluent (eluent 10 mM H2SO4 

and temperature 65ºC) to the retention times of aliphatic carboxylic acids. 

Resin  used HCPS-sulfo. a) (1) oxalic, (2) glycoliv, (3) formic, (4) lactic, 

(5) citric, (6)  acetic and (7) succinic. b) (1) tartaric, (2) malic, (3) malonic, (4) 

maleic, (5)  lactide and (6) fumaric. (Nesterenko et al. 2001) 

Nevertheless, the typical weakly cross-linked resins mentioned before applied as support 

present some restrictions. Lower eluent flow rates can be used in the performance with this 

type of resins due to insufficient rigidity which makes them show swelling behaviour 
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comparing to high cross-linked resins. In order to satisfy IEC properties, the availability of 

highly cross-linked monodisperse PS-DVB has increased during recent years since they 

present enough mechanical strength to provide high sorption capacity and high mass 

exchange rate (Nesterenko et al. 2001; Klampfl et al. 1997).  

So far, highly cross-linked resins, presenting cross-linking greater than 80%, have been only 

reported in analytical scale in many different high-performance liquid chromatography 

(HPLC). The results show excellent selectivity, good accuracy and precision turning this 

method to a useful tool for routine determinations in food industry of complex mixtures 

including hydroxy carboxylic acids (Nam et al. 2012; Chinnici et al. 2005; Nesterenko et al. 

2001; Miwa 2000). Unfortunately, their performance in preparative scale for the purification 

of individual low-molecular mass acids has not been intensively discussed due to their high 

price.  

Anion exchange resins were reported already in the 1960s for being applicable in 

chromatography for the separation of hydroxy carboxylic acids (Alfredsson et al. 1963) and 

also in the field of black liquor (Käkölä et al. 2008). However, the problems involved due to 

their easy-fouling nature by organic matter is highlighted (Gustafson, Lirio 1968). Therefore, 

if these type of resins are to be utilized, an effective lignin removal pre-treatment is a must be 

carried out (Hellstén 2013b). Cation exchange resins have been suggested to be used for the 

fractionation of hydroxy acids sine they are less expensive and more resistant to fouling than 

anIon exchange resins. 

Different ionic forms should be tested in order to check their effect in hydroxy acids elution. 

Nevertheless, resins in Ca
2+

 have been already reported as unfavourable due to the high 

sodium content of black liquor which unable the separation of the different acids (Hellstén 

2013b). On the other hand, chromatographic separation with Na
+
 form of a strong-acid cation 

resin showed a good performance in the fractionation of the acids from black liquor once 

removed the sodium hydroxide, although it was not the aim of the work (Alén et al. 1990). 

Another option to be considered is the application of ion exchange resins in Cu
2+

 form. They 

would take advantage of ligand exchange mechanism reported in the separation of 

enantiomers. As mentioned before when discussing about LEC, carboxylate catIon exchange 

resins are the most used due to the strong hold of metal ions in their surface. However, resins 

with sulfonate ions have better chemical and mechanical properties; thus they are also been 
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tested compensating the week retention of metal ions by the addition of metal salts in the 

aqueous ammonia eluent (Walton 1995).  

5.2.4 Chelating resins 

Chelating resins are considered as a type of ion exchange resins which contain some groups 

of compounds able to interact with the targeted acids in the feed. These compounds are 

covalently attached to the polymer matrix. They are mainly used to bind cations; thus, their 

main applications are in the field of metals recovery and waste water treatment (Garg et al. 

1999). These resins are mainly used in LEC. 

Their operation is similar to ordinary ion exchange resins since they present the same bead 

form and polymer matrix. They are mainly copolymers with reactive functional groups that 

chelate to metal ions. Usually, styrene-divinylbenze copolymers subjected to 

chloromethylation and replaced their active chlorine atoms by amino groups of chiral natural 

α-L-amino acids (e.g. (S)-proline and (S)-hydroxyproline), but additionally, cross-linked 

polyacrylamide and poly(glycidylmethacrylate) are also useful as polymeric matrix 

(Davankov 1994). 

Figure 11 presents the structure of a chiral selector immobilized to a polymeric matrix 

(chelating resin) having a copper(II) cation attached during the binding process of LEC. In 

the same way, chelating resins retain hydroxy acids from the feed analysed using normally 

ammonia aqueous solution as eluent. 

 

Figure 11 Structure of a chelating resin with Cu(II), which binds to an amino acid 

 (targeted compound) (Davankov 1994) 

Chelating resins have been successfully used for both analytical and preparative separations 

(Jozefonvicz et al. 1978). The variation among them lies on the nature of the chelating agents 

hanging from the polymer backbone. By using polystyrene resins containing the L-proline-
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copper(II) complex as stationary phases and ammonia solutions as eluent, preparative 

resolution of aminoacids has been achieved and it has been reported the important effects of 

resins‘ properties, flow rate and ammonia concentration of the eluent has in the separation of 

racemic solutions. 

The main drawback of chelating resins in ligand exchange mechanism compare to silica and 

typical ion exchange resins is the slowing down of the ligand exchange due to their reduced 

coordinating capacity due to the tridentate group of the resin (i.e. the ternary complex formed 

with the metal ion when it has coordination number of six as Cu(II)) (Walton 1995). 

5.2.5 Gel filtration resins 

Gel filtration resins are often the ones used in SEC as mentioned before. The most well-

known stationary phases are dextran polymer cross-linked with epichlorohydrin gels (e.g. 

Sephadex).They provide good chemical resistance. Moreover, they are thermally stable at 

high temperatures. The three-dimensional swollen polymer network provides different pore 

sizes depending on their degree of cross-linking (Mori, Barth 1999). Ion exclusion 

mechanisms are quite often also involve with this type of resins, because dextran gel 

materials are not completely neutral. Sephadex has already been applied for the separation of 

hydroxy acids from NaOH where some differences in the elution times could be observed 

(Hellstén et al. 2013a). 

Other well-established size exclusion resins are those based on cross-linked polyacrylamide 

(e.g. CA10GC). The main drawback remain on the restriction in the operating pH. Under 

extreme pH conditions, amine side groups may hydrolized themselves. Moreover, it presents 

high swelling of the matrix difficulting the forecast of their pores size strongly dependent on 

the counter ion. For example, with Ca
2+

 the resin is in such a shrunken state that the pores ar 

very small and everything is excluded from the resin. On the other hand, sieze exclusion can 

be utilized with Na
+
 form. 

Recently, a strong interest has been paid to hypercrosslinked PS-DVB resins which acts due 

to size exclusion mechanism mainly when they are neutral. They provide high resistance to 

swelling plus higher selectivity, and this selectivity is enhanced when they are functionalized 

by attaching other molecules which interacts with the targeted compounds in the feed 

(Nesterenko et al. 2001; Penner et al. 1999).   
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6 Materials and methods 

 

6.1 Raw materials 

The feed solution used in this work was soda cooked hardwood black liquor. Prior to its use 

for studying the fractionation of hydroxy acids, the coarse particulates were removed by 

filtration using Büchner funnel with a filter paper of particle retention 12-15µm (Grade 415, 

No.516-0831, VWR European). 95 wt% of the lignin was removed in the filtered black liquor 

prior to the acid separation experiments. The specifications of this step are not described in 

this work.  

The lignin-free hydroxy acid fraction, was then fractionated bhromatographically to remove 

NaOH as described by Hellstén et al. (2013a), but using Cellufine GH-25 (JNC Corporation, 

Japan) as stationary phase. This separation mataerial is similar to Sephadex G-10 (GE 

Healthecare Bio-Science, Sweden) used in the work of Hellstén et al. (2013a), but more 

stable in alkaline conditions.  

Some solution obtained after lignin removal was kept as feed for the fractionation of hydroxy 

acids in sodium form. The rest of the solution was liberated in batch, i.e. conversion of 

sodium salts to acids, obtaining the acids in H
+
 form, by means of CS11GC (Finex Oy, 

Finland), a SAC resin (PS-DVB) with nominal cross-linking density of 5.5 wt% in H
+
 form 

(Finex Oy, Finland). Change of the ionic form of the resin from Ca
2+

 form to H
+
 form was 

performed before the acid liberation by hydrochloric acid. Subsequently, the solution 

obtained after the liberation step was filtered by means of Buchner funnel and then centrifuge 

at 4000 rpm during 15 min. 

The characteristics of the two solutions applied as feed for the recovery and purification of 

hydroxy acids from soda black liquor are presented in the following Table 7: 

Table 7 Average characteristics of the feed solutions 

Solution pH 
Acids Concentration 

(g/L) 

Sodium Content 

(g/L) 

Lignin Content 

(g/L) 

Acids in Na
+
 

form 
10.1 27.88 16.55 3.89 

Acids in H
+
 

form 
1.5 23.58 0.02 Not analyzed 
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6.2 Chromatographic separations 

A glass column (YMC Europe GmbH, Germany) of 123.70mL (length 70cm and i.d. 1.5cm) 

was used in all the chromatographic separation experiments. Only in the schale up of the 

lignin removal process a larger glass column (KronLab, Germany) of 860mL (length 45cm 

and i.d. 5cm) was employed. Both columns were thermostated at constant temperature using 

water circulation thermostat (Lauda C6C5, Germany) through the column jackets. 

Feed and eluent were introduced to the column from the top usping HPLC pumps (Azura 

P4.1S, Knauer, Germany). The injection valve (motor valve MV-7) and fractionation valve in 

the column outlet (motor valve MV-8 when collecting fractions and PSV-50 during the 

collection of test tube samples) were controlled by means of LabView software (National 

Instruments, Austin, TX, USA). The experiment set-up is presented in Figure 12.  

 

Figure 12 Chromatographic separation set-up 

The monitoring of the outflow coming out from the bottom of the column was done by means 

of conductivity detector (Conductivity Monitor, Pharmacia Biotech, Uppsala, Sweden), 

refractive index detector (RI 2000 Schambeck SFD GmbH, Bad Honnef, Germany) and UV-

detector (Waters 2487 dual λ Absorbance Detector with 3mm semiprep flow cell, Waters 

Corporation, Milford, MA, USA) when they could withstand the pressure used in the 

experiments. In the UV detector wavelengths of 600nm were used for detecting the amount 

of lignin during Lignin removal, NaOH removal and liberation of hydroxy acids whereas a 

wavelength of 280nm was chosen for the fractionation of hydroxy acids since the amount of 
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lignin was less than 5% of the initial one. In the scale up of the lignin removal step, only 

conductivity detector was applied for monitoring the process since its technical 

characteristics made it possible, i.e. it could withdraw the flow rates used which were higher 

than in the normal experiment. An automated fraction collector (Frac-100, Pharmacia LKB, 

Uppsala, Sweden) was utilized in the collection of the samples for off-line analyses. 

The different experiments for testing the resins were performed by injecting a feed volume 

equal to 10% bed volume (BV) and flowrate of 1BV/h. The experiments performed in the 

final process suggested were tested by injecting 5%BV of feed and flowrate of 1 BV/h. 

Several types of separation materials were tested for the separation of the hydroaxy acids. 

These stationary phases are listed in Table 8. The separation materials selected for 

performing the screening experiments have been accurately selected following the previous 

researches found concerning chromatography separation of aliphatic carboxylic acids. A 

detailed explanation about the promising stationary phases is presented in chapter 5.2. At 

least one of each type has been selected for testing since the behaviour of these acids in the 

different separation  materials is not well-known. Moreover, clear information about the 

mechanism that will take place when separating the different acids has not been found and, 

therefore, a wide research of the different materials is the best way to find the proper one for 

achieving the fractionation of hydroxy acids from black liquor as individual ones. 
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Table 8 Separation materials used in this work for the recovery and fractionation of 

 hydroxy acids 

Resin Supplier Type Matrix Ionic form 

CS11GC 
Finex Oy 

(Finland) 

Strong acid cation-

exchange resin 

(SAC) 

PS-DVB (5.5% 

DVB cross-linking) 

H
+
 

Cu
2+

 

Na
+
 

CS16GC 
Finex Oy 

(Finland) 
SAC 

Sulphonated 

polymer of styrene, 

divinylbenzene (8%) 

and ethylstyrene 

H
+
 

CA10GC 
Finex Oy 

(Finland) 

Weak acid catIon 

exchange resin 

(WAC) 

Acryl based (DVB 

5%) 
H

+
 

MN500 
Purolite 

(Romania) 

Hyper-Cross-

Linked 

Polystyrenic 

macroporous 

adsorbent resin 

H
+
 

Na
+
 

MN270 Purolite (UK) 
Hyper-Cross-

Linked 

Polystyrenic 

macroporous 

adsorbent resin, 

Microporous matrix 

- 

Lewatit TP260 
Fluka Analytical 

(Germany) 
WAC  

Macroporous resin 

with chelating amino 

methyl phosphonic 

acid groups 

Cu
2+

 

Na
+
 

Lewatit TP207 
Fluka Analytical 

(Germany) 
WAC 

Macroporous resin 

with chelating 

iminodiacetate 

groups 

Cu
2+

 

CuWRAM 
PSI (USA) Chelating Ion 

exchange resin 
150-250 micron Cu

2+
 

Silica Gel (high 

purity grade) 

Sigma Aldrich 

(Germany) 
Adsorbent resin 

Pore size 60Å, 60-

100 mesh 
- 

Al2O3 activated 

(acidic) 

Alfa Aesar 

(Germany) 
Adsorbent resin 

Brockmann Grade I, 

58Å 
- 

Al2O3 (weakly 

acidic) 

Acros Organics 

(Germany) 
Adsorbent resin 

Brockmann Grade I, 

60Å 
- 

Sephadex G-10 

GE Healthcare 

Bio-Science 

(Sweden) 
Size exclusion gel 

Dextran polymer 

cross-linked with 

epichlorohydrin 

(ECH)  

- 

 

The eluents used in the separation experiments were water, NaOH, and H2SO4. Water was 

used as eluent for the screening of the different resins mentioned before in Table 8. However, 
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the resins which presented the best performance from above-listed were also tested by using 

0.005M and 0.01M H2SO4, in order to determine the effect that acidification has on the 

elution time of the hydroxy acids. 

6.3 Liberation of the hydroxy acids 

Liberation of hydroxy acids after NaOH removal was done by ion exchange with CS11GC 

ion exchange resin in hydroxy form. A ratio of resin to solution equal to 1/5 (grams of resin 

per millilitre of solution) was used in all the different batches performed until the pH of the 

solution did not change anymore, i.e. batch ion-exchange followed by filtration was repeated 

until the pH of the actual batch was the same of the previous one. The resulting hydroxy acid 

solution was separated from the resin after equilibration by filtration using a Buchner funnel, 

the equipment employed in the liberation step is shown in Figure 13. 

 

Figure 13 Equipment utilized for the liberation of hydroxy acids in batch  

6.4 Final process scheme for the separation of α-GISA, XISA, and lactic acid 

from soda black liquor 

After screening all the different stationary phases listed in Table 8 and testing the effect that 

different concentrations of the eluent (0.005M and 0.01M of H2SO4) has to the elution times 

of the different acids, a final process was suggested for the purification of hydroxy acids, 

having its main focus on the recovery of XISA, α-GISA and Lactic Acid. This process 

consisted of three different steps:  
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1. Chromatographic separation of pure α-GISA with CS16GC (H
+
 form) , 

2. Removal of volatile carboxylic acids (acetic acid and formic acid) by evaporation 

(rotary evaporator), and 

3. Chromatographic separation of XISA and lactic acid from the volatiles-free solution 

obtained from step 2. 

A more detailed description of this process is presented in Figure 29. 

The equipment used for the chromatographic separation was the same stated in Chapter 6.2. 

The feed volume injected in that process was set to 5%BV, but the flowrate has maintained at 

1BV/h as in the screening of the resins. 

The evaporation of volatiles from the solution obtained after Step 1 was performed in a rotary 

evaporator (Hei-VAP Advantage, Heidolph, Germany) as stated. The temperature of the bath 

was set to 30ºC, the agitation of the solution was 80 rpm and it was performed at reduced 

pressure (approximately 20 mbar). The equipment set up can be observed in the Figure 14 

below. 

 

Figure 14 Rotary evaporator for the evaporation of volatiles in the final process 

6.5 Bed Porosity 

The bed porosity of the different stationary phases used was determined by feeding 0.5mL of 

Blue Dextran 2000 (GE Healthcare, Germany) to the column and eluting it with water with a 
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flowrate of 0.5 BV/h. This operation was repeated 3 times, injecting the blue dextran every 

20 min and determining its elution by UV using a wavelength equal to 195 nm. Once the UV 

profile was obtained, the integration of the area under the three curves was calculated by 

trapezoids integration. Taking into account the void volume from the UV equipment and then 

subtracting from  it the injection volume of the feed the total void volume was obtained. As 

last step, dividing the void volume obtained between the volume of the column, the porosity 

of the bed was obtained. 

6.6 Analyses 

The analysis techniques used in this work are presented in the following Table 9 

Table 9 Analysis techniques utilized in this work 

Analysis technique Application 

HPLC Hydroxy acid composition 

UV-spectroscopy Lignin concentration 

pH-meter pH 

Atomic Absorption Spectrometry (AAS) Sodium content 

The concentration of hydroxy acids was determined in the HPLC (Agilent/HP, Germany) 

where 0.005M H2SO4 was used as eluent. An initial flow rate of 0.5mL/min was settled and 

an already established method which takes 31min/sample was followed. This method include 

as eluents H2SO4 and methanol gradient grade. For cleaning, 50 wt% methanol was used. The 

injection volumes were 10µL, UV absorbance at 210nm and the analyses took place at 45ºC. 

The acids identified were oxalic acid, glycolic acid, formic acid, a-GISA, XISA, lactic acid, 

acetic acid, 2-HBA and succinic acid. Succinic acid was added in all the different samples 

analysed as internal standard (ISTD) in order to determine the accurate concentrations in such 

cases where the sample volume changed due to lignin precipitation. Prior to the HPLC 

analyses, the hydroxy acid samples were acidified with a mixture of 1M HCl + 1.5g/L of 

succinic acid approximately. The aforementioned acidification of the samples was done in 

order to avoid differences in the chromatograms due to the pH and ensure that all the samples 

would have a low pH and would be detected for the HPLC in the same conditions. 

The amount of lignin in the samples was determined by UV-spectroscopy (UV-Vis Agilent 

8454, Agilent Technologies, USA) as stated in Table 9. The wavelength used was 280 nm, an 

absorbance coefficient of 14 L/(g·cm) and cuvette diameter of 1cm. In order to obtain the 

concentration of lignin from the absorbance given in the UV-spectroscopy see eq. (1).  
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The determination of the pH has was also a key parameter in the analyses of the different 

fractions obtained from the chromatographic processes using a Multi-parameter analyser 

(C3020, Consort, Belgium). 

An Atomic absorption spectrometry (AAS) (iCE 3000 Series, ThermoFisher Scientific, UK) 

was utilized for determining the sodium content of the samples before and after Ion 

exchange. Different concentrations of Nitric acid (from 0.1-1.5ppm) were prepared for being 

proceeded as calibrants in the AAS with a wavelength of 589 nm and producing the flame by 

means of a flame furnace of air and acetylene. 

6.7 Calculations 

The equations used for determining important parameters utilized in this work are presented 

below. 

The lignin concentration was calculated from equation (1): 

                      
 

 
   

        

             
 (1) 

where     is the absorbance determined with the UV-detector 

    is the dilution factor of the samples analysed 

          is the diameter of the cuvette used in the UV-detector (cm) 

     is the absorptivity factor (L/(g·cm)) 

The sodium hydroxide concentration was determined using equation (2): 

                    
 

 
                     (2) 

where    is the pH of the sample analysed 

        is the molecular weight of NaOH (g/mol) 

The yield of the separations was determined by means of equation (3): 

             
    

        
     (3) 

where      is the concentration of the targeted acid in a determined fraction (g/L) 

          is the concentration of the targeted acid in total, i.e. in all the fractions 

 collected (g/L) 
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And the purity obtained with the different separations was calculated with equation (4): 

              
    

        
     (4) 

where      is the same as in previous equation (3) 

          is the concentration of the acids in total in a determined fraction (g/L) 
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7 Results and discussion 

The aim of this work was to separate hydroxy acids as pure componens from soda black 

liquor. The target acids were α-GISA, XISA and lactic acid. Therefore, this study can be 

clearly divided in two parts: first, the determination of the most suitable separation material 

for the aforementioned purpose and the effect of the eluent concentration on their separation; 

and a final part where a process obtaining the acids as purified as possible has been design 

with the separation material which showed the best separation performance for the target 

acids. 

However, as mentioned in the raw materials description, pretreatment steps must be carried 

out before achieving the initial solution for the final process designed in this study. Therefore, 

the reproduction of the results obtained in these initial steps (Lignin removal, NaOH removal 

and Liberation of hydroxy acids) will also be presented in this study. 

7.1 Lignin Removal 

Multiple and challenging steps are required in order to recover valuable hydroxy carboxylic 

acids from black liquor. The high content of lignin and the strong alkalinity of black liquor 

have always been the major concerns when trying to obtain pure hydroxy acids from it.  

Figure 15 shows the outlet profiles of the separation and the fractionation performed and the 

pH of the different fractions. The average pH of the black liquor feed was 13.25. A 95 wt% 

lignin removal in the fraction 3 (F3) recovered was achieved in the chromatographic lignin 

removal by means of a WAC resin in Na
+
 and 0.005M NaOH as eluent. Previously to that, as 

described in chapter 6, a Buchner filtration was performed.  
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Figure 15 Outlet profiles of lignin removal from black liquor using a WAC resin in Na
+
 

 form: Lignin content using UV signal (solid line); conductivity signal showing 

 the carboxylic acids(dashed line). Hbed=70 cm, Dbed= 1.5 cm, Vfeed= 0.2 BV; Q= 

 2 BV/h, T=50ºC and water as eluent. 

Lignin elutes first, as can be seen in the UV signal in Figure 15, enabling the recovery of 

carboxylic acids (39 wt% from the feed), monitored by the conductivity signal, in the third 

fraction 95 wt% free of lignin and highly concentrated of the targeted acids (41.2g/L). Figure 

16 shows the concentration of the five hydroxy acids fractions collected indicated in the 

chromatogram (Figure 15) in dashed vertical lines. 
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Figure 16 Concentration of hydroxy acids and lignin in the fractions collected in the lignin 

 removal step 

The WAC resin used for the removal of lignin does not present any fractionation in the 

different hydroxy acids as can be seen in Figure 16 from where the proportions of the 

different acids in the fractions collected is practically the same. Therefore, all five fractions 

collected present almost the same proportion of the hydroxy acids. Fraction 3 (F3), as 

mentioned before, has less than 10 g/L of lignin, which means that more than 96% of the 

initial lignin was removed. As it is also the fraction with the highest concentration of hydroxy 

acids, it was used as feed for the next step aiming the removal of NaOH (results reported in 

chapter 7.2). 

7.1.1 Scale Up 

Lignin removal step was scaled up in order to produce bigger amount of lignin-free black 

liquor achieving the same percentage of lignin removed, more than 95 wt%, and keeping a 

high concentration of the hydroxy acids. Figure 17 shows the elution profiles of the main 

components in the soda black liquor obtained with the scaled-up process. The third fraction 

(F3) was again taken to be used as the feed for the following separation steps due to its low 

concentration of lignin (8.9 g/L), high concentration of  hydroxy acids (48.2 g/L) and 

medium concentration of NaOH (as seen in the chromatogram) that will enable a better 

removal of this compound in the next step. 
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Figure 17 Outlet profiles of the scale up for the lignin removal process from black liquor 

 using a WAC resin in Na
+
. Lignin concentration using offline UV analysis 

 (solid line), concentration of hydroxy acids (black dots) and NaOH 

 concentration (dashed line) calculated using the pH. Hbed=43.4 cm, Dbed= 5 cm, 

 Vfeed= 0.2 BV; eluent flowrate 1 BV/h 

Three fractions were collected from the scaled-up of the process. Fraction 2 contains also 

high concentration of hydroxy acids but also, high concentration of lignin. For this reason, 

only F3 was used for further steps. The percentage of lignin removal achieved in this last 

fraction has been greater than 95 wt% and 60 wt% of NaOH was also removed from F3 The 

percentage of hydroxy acids which remained in the selected fraction were 47 wt% from the 

initial feed. Thus, the amount of hydroxy acids in the fraction was greater when the process 

was scaled-up. 
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Figure 18 Concentration of hydroxy acids and lignin in the fractions collected in the 

 scaled-up of the lignin removal process  

Figure 18 shows the concentration of the different hydroxy acids in the fractions collected. 

Even thought, the same resin (WAC resin in Na
+
 form) was used, a slight difference in the 

percentage of the hydroxy acids in the samples can be observed. 2-HBA seems to elute faster 

than the others and therefore its content in Fraction 2 is higher. However, as mentioned 

previously, WAC does not seem to have strong interaction in this chromatographic separation 

and its main aim is focus on the removal of lignin. 

7.2 NaOH Removal 

Hellstén et al. (2013b) found out size exclusion chromatography to be a good process for the 

separation of sodium hydroxide from the hydroxy acids. NaOH was completely separated 

from the acids with Sephadex G-10 as stationary phase. Since Sephadex gel is not an ion 

exchange material, the strong electrolyte access a large fraction of the pore volume being 

strongly retained, more than the aimed acids.  

As discussed in chapter 6, Sephadex G-10 was not been used in this step, but Cellufine, a 

highly cross-linked cellulose non-ionic which presents same performance as Sephadex G-10. 

However, it has been tested that Cellufine can withstand alkaline conditions better Sephadex 

G-10. Therefore, Cellufine is a better option. 

Figure 19 shows the chromatogram obtained from the cyclic process for the removal of 

NaOH. In dashed line, the conductivity signal of the outlet is presented the smaller peak 
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being hydroxy acids and volatile acids whereas the bigger peak is NaOH. The cycle time of 

the process was 36min, it was optimized in order to lower the cycle time as much as possible 

by eluting together NaOH and lignin together (F4) (their separation is not important at this 

point since there is no interest in keeping them for further steps). 

 

Figure 19 Outlet profiles of NaOH removal process using Cellufine. Lignin content using 

 UV signal (solid line) and conductivity (dashed line). Hbed=70 cm, Dbed= 1.5 

 cm, Vfeed= 0.1 BV; eluent flowrate 2 BV/h. 

Four fractions were collected from this process, the second fraction (F2) being the most 

enriched by hydroxy and volatile acids (27.9 g/L in total) (see Figure 20), approximate yield 

was 63 wt%. The concentration of lignin was also decreased to 3.9 g/L during the NaOH 

removal. As can be observed from Figure 20, the fraction of acids shows volatile acids as the 

major compounds followed by α-GISA.  
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Figure 20 Concentration of carboxylic acids and lignin in the fractions collected in the 

 NaOH Removal process 

The different fractions collected present an average pH above 10 (pH of F2 was 

approximately 10 as plotted in Figure 19). At such an alkaline pH, carboxylic acids exist as 

sodium salts. In order to obtain them in their protonated form, they must be liberated by 

means of an Ion exchange reaction.  

7.3 Liberation of Hydroxy Acids 

The liberation of the acids has been achieved using a SAC resin, CS11GC, in H
+
 form, as 

described in chapter 6.1, and was performed in batch. Several batches were needed in order to 

reach the total conversion of sodium salts to acid form. Figure 21 shows the change of pH 

during the different batches performed. This Ion exchange step was performed four different 

days where the pH of the feed was closed to 10 and the total liberation was completed when 

the samples reached a pH under 2. Residual sodium was also removed during the ion 

exchange (results plotted also in Figure 21). The total sodium removed based on the initial 

feed ranged from 97 to 100%.  

The different solutions liberated in the ion exchange step did not need the same number of 

batches in order to achieve constant pH. While the solutions from 03.04.2017 and 25.04.2017 

only needed 2 batches alternating between the filtration step, the other two solutions needed 

more batch steps in order to achieve constant pH 
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Figure 21 pH profile of the different ion exchange batches performed for the liberation of 

 hydroxy acids. In columns, the sodium concentration of the initial feed and the 

 final solutions obtained once the batches needed were performed (i.e. until the 

 pH remained stable) 

The solutions obtained after the ion exchange (IE) was filtered and then centrifuged at 4000 

rpm during 15 min removing in that way the residual lignin. 

The final solutions were slightly diluted during the Ion exchange due to the water contained 

by the resin. Moreover, the adsorption to the acids in the resin might be another reason that 

affect the acids concentration. Consequently, the concentration of the acids was 15% smaller 

than the initial feed containing the acids as sodium salts. Table 10 contains the average 

concentration of the acids in the initial fraction and after the ion exchange.  

Table 10 Average concentration in g/L of carboxylic acids in the fraction used as feed for 

 the ion exchange and the fraction recovered after it 

Fraction 
Oxalic 

acid 

Glycolic 

acid 

Formic 

acid 
α-GISA XISA 

Lactic 

acid 

Acetic 

acid 
2-HBA Total 

Feed 0.325 1.498 4.924 5.450 1.625 3.213 7.990 2.852 27.876 

After IE 0.222 1.222 4.580 5.052 1.661 2.954 7.059 0.825 23.575 
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As this slight decreased of concentration is due to a dilution, the decreased of concentration 

for all the acids is proportional. However, a too big decrease in 2-HBA was observed and 

most likely as a result of analysis error. 

7.4 Purification of Hydroxy Acids 

The main focus of this work was on the recovery and purification of the individual hydroxy 

acids, basically α-GISA, XISA and lactic acid from the soda black liquor. In order to achieve 

this goal, a preliminary screening of twelve separation materials (see Table 8) was done, 

followed by testing the effect of the eluent in the materials which performed the best (e.g. 

CS16G, MN500, and CS11GC all in protonated form) and finally, suggesting a three- step 

process for the collection of pure α-GISA, XISA and Lactic acid. 

7.4.1 Screening of the separation materials 

The screening of the separation materials has been done considering two initial types of feed: 

solution of hydroxy acids as sodium salts (the feed used was F2 obtained in the NaOH 

removal) and initial solution of liberated hydroxy acids (mixture obtained after ion 

exchange).  

The fractionation experiments of hydroxy acids from the acids as sodium salts were 

performed using fraction 2 (F2) as feed, which was obtained in the sodium hydroxide 

removal process. The pH of the solution was 10, a sodium concentration of 16.5 g/L, 3.9 g/L 

of lignin and a total acids concentration of 27.9 g/L. 

Five different separation materials were tested belonging to three different types: one silica-

type resin (Silica Gel), three Ion exchange resins (CS11GC, Macronet 500 and Macronet 

270) and one chelating resin (Lewatit TP260), all of them, excluding silica gel, in sodium 

form. The elution profiles of the acids obtained with each experiment are presented in the 

following Figure 22. Silica Gel is not presented since some vaporization occurred inside the 

column drying the gel while performing the experiment. It might be due to instability of the 

stationary phase at so high pH (approximately pH of 10). 

Blanc et al. (2015) stated in their study about purification of organic acids by 

chromatography that salts are excluded by the ions in the material due to the Donnan effect 

avoiding its retention in the stationary phase (ion exclusion). This phenomena explains the 
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results obtained in the experiments and showed in Figure 22 when almost no retention is 

observed and eluting all the hydroxy acids right after the void volume. 

Even though the performance of the different resins tested with the acids in sodium form does 

not seem promising for the fractionation of the targeted hydroxy acids, partial fractionation of 

α-GISA could be observed from the other hydroxy acids when using hyper-cross-linked 

resins as Macronet (A) and B) in Figure 21. The elution of α-GISA takes place a bit earlier 

than the others which means a lack of interaction between the stationary phase and the acids. 

This partial separation seem to be better using MN270 which differs from MN500 due to its 

microporous matrix and also, in the functional groups, since MN270 is non-functionalized. 

However, the explanation seems unlikely to lie on size exclusion since α-GISA has bigger 

specific volume in hydroxy form than the others and elute first (see Table 3) for the main 

properties of carboxylic acids). So, it must be due to some weak interaction of the other 

hydroxy acids, which have smaller size, with the stationary phase or a big change in the 

specific volume of this compounds where they are as sodium salts. 

Chelating type resin as Lewatit TP260 showed the worst performance eluting all the acids 

(hydroxy and volatile acids) at the same time. The main reason for this lack of separation is 

the no interaction between the acids which are fed as sodium salts and the chelating amino 

methyl phosphonic acid groups attached to the macroporous resin Lewatit TP260. 
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Figure 22 Fractionation of hydroxy acids from acids as sodium salts using A) MN500 in 

 Na
+
 form, B) MN270, C) CS11GC in Na

+
 form and D) Lewatit TP260 in Na

+
 

 form. Hbed=70 cm, Dbed= 1.5 cm, Vfeed= 0.1 BV; eluent flowrate 1 BV/h. 

A good fractionation between volatile acids and the other hydroxy acids could be clearly 

achieved by means of CS11GC in Na
+
. This separation was already observed by Alén et al. 

(1990) when applying a SAC resin in Na
+
 for the separation of hydroxy acids from black 

liquor. However, a better separation of these acids can be achieved by evaporation of the 

volatiles and hence has not been further discussed. Hence, the previous separation materials 

are not convenient for the targeted separation when the acids are fed to the column as sodium 

salts. 
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The experiments for the fractionation of liberated hydroxy acids were done using as feed the 

solution obtained after ion exchange step. The pH of the solution was, thus, acidic (pH of 1.7 

approximately) ensuring the total liberation of the different hydroxy acids in the solution. The 

sodium content ranged from 0.5 to 0.02 g/L and a total acids concentration of 23.6 g/L. 

Four different types of materials were tested in this stage, making a total of 11 resins listed as 

follow: Silica-type stationary phases (Silica Gel); Adsorbent materials (Al2O3 acidic and 

Al2O3 weakly acidic); Ion exchange resins belonging to three subgroups which are SAC 

resins (CS11GC and CS16GC), WAC resins (CA10GC) and Hyper-cross-linked resins 

(Macronete 500 and Macronet 270); and Chelating resins in copper form (Lewatit TP260, 

Lewatit TP207 and CuWRAM). 

Silica Gel, as described in chapter 5.2.1, has been satisfactorily tested in analytical scale for 

the good separation between hydroxy acids. In fact, the column used for the analytical 

determination of the concentrations in the HPLC is based on silica. However, its performance 

without fixing any kind of chiral ligand has not been satisfactory for the aimed separation.  

Figure 23 shows the outlet concentrations of the different acids obtained in two different 

processes both using silica gel as separation material but, being the left one eluted with 

H2SO4 (0.005M) and the right one with H2SO4 (0.01M). The effect of the acidity in the 

eluent did not have impact in the elution times. All the different acids elute at the same time, 

inhibiting the collection of individual acids. The only advantage that can be determined from 

using more acidic eluent, it is in the elution of the acids in narrow peaks. Nevertheless, it does 

not provide a better result in means of fractionation of hydroxy acids. 
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Figure 23 Fractionation of hydroxy acids from liberated acids solution using Silica Gel 

 and as eluent A) H2SO4 (0.005M) and B) H2SO4 (0.01M). Hbed=70 cm, Dbed= 

 1.5 cm, Vfeed= 0.1 BV; eluent flowrate 1 BV/h, T=50ºC. 

The bounding of different amino acids in the stationary phase performing LEC or buying the 

commercial options available has been suggested by some authors, but they are mainly focus 

on analytical scale (Davankov 1994). Also, it has been reported a good resolution for the 

fractionation of 2 hydroxy acids when using LEC with Cu(II) as complexing agent and 

aqueous copper(II)-sulfate as eluent (Gübitz, Mihellyes 1984). Despite this, it was not tested 

since copper in eluent is not meeting the goal of reduce as maximum as possible the 

consumption of other chemicals, in order to make the process more convenient for adding to 

the closed cycle already used for recovery of white liquor without interfering so much, as 

described before in chapter 2.1. 

Two types of activated alumina were tested (acidic and weakly acidic) using water as eluent, 

but also H2SO4 (0.01M). None of the experiments show a successful result, the acids were 

stacked in the column media avoiding their elution. Thus, no chromatogram is presented for 

this type of resins. Alumina is always preferred for the separation of components that are 

weakly or moderately polar, retaining the most the ones with higher polarity. The polarity of 

the acids in the mixture did not allow them to go through the column, but to remain attached 

to the stationary phase. When equilibrating the column with sulphuric acid, batch reactor was 
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used in order to make sure of the completely equilibrated with H2SO4. However, once the 

solution was fed, no elution of any acids was detected by means of HPLC. 

Nowadays, huge variability of ion exchange resins are commercialized for several and 

different applications. Aiming the fractionation of hydroxy acids, three different types of 

resins was studied as mentioned before: weak acidic cation (WAC) resins, strong acidic 

cation (SAC) resins, and hyper-cross-linked resins. The outlet chromatograms obtained are 

presented in Figure 24, Figure 25 and Figure 26 respectively. 

The aforementioned types of resins have been reported in some studies as promising 

stationary phase for the separation of hydroxy acids (see chapter 5.2.3). Strong cation resins 

copolymered with styrenen and divinylbenzene have been the most studied stationary phase 

due to their ability to exchange cations across the entire pH range. This is the case of 

CS11GC and CS16GC, SAC low cross-linked resins sulphonated of styrene, divyinylbenzene 

and ethylstyren. Nevertheless, WAC resins have also been tested in order to see the effect 

that it has in the attachment of the acids to the separation material in the column. The results 

obtained with both resin types are presented in Figure 24and Figure 25. 

 

Figure 24 Fractionation of hydroxy acids from liberated acids solution using CA10GC in 

 H
+
 form and H2SO4 as eluent for providing the same pH as the feed (pH 1.5). 

 Hbed=70 cm, Dbed= 1.5 cm, Vfeed= 0.1 BV; eluent flowrate 1 BV/h. 

CA10GC in H
+
 form does not show a strong retention of the acids in the media, they were 

mainly eluted right after the void volume and not promising for the aimed target. Hellstén et 
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al. (Hellstén 2013a) found out already in her work SAC resins to be more promising for the 

fractionation of hydroxy acids than WAC, where almost no fractionation occurred. This was 

also verified here, where wide peaks are presented with almost no separation among the acids 

using WAC resin. The successful performance of WAC resins can be checked in the next 

chromatogram  (Figure 25). 

Both resins presented in Figure 25 are SAC resins differing mainly in the degree of cross-

linking, CS16GC (B) presents higher cross-linking in its matrix. The elution of the hydroxy 

acids is really similar showing an early elution of α-GISA separated from XISA and lactic 

acid. CS16GC seems more promising due to the narrow peak of α-GISA which could be 

fractionated as pure hydroxy acids with higher yield.  
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Figure 25 Fractionation of hydroxy acids from liberated acids solution using A) CS11GC 

 in H
+
 form and B) CS16GC in H

+
 form. Hbed=70 cm, Dbed= 1.5 cm, Vfeed= 0.1 

 BV; eluent flowrate 1 BV/h. 

Although weakly cross-linked resins (4-16%), as the ones previously shown, are usually the 

ones used for ion exchange chromatography, different authors have experimented the 

advantages that hyper-cross-linked resins present in chromatography (see chapter 5.2.3, page 

37) in the successful separation of hydroxy acids. But mainly, all the researches have been 

done in analytical scale due to their price (Nam et al. 2012; Chinnici et al. 2005; Nesterenko 

et al. 2001; Miwa 2000). Therefore, Macronet 270 and Macronet 500 belonging to the hyper-

cross-linked group of resins, have been tested in this work (see Figure 26). 
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Figure 26 Fractionation of hydroxy acids from liberated acids solution using A) MN500 in 

 H
+
 form and B) MN270. Hbed=70 cm, Dbed= 1.5 cm, Vfeed= 0.1 BV; eluent 

 flowrate 1 BV/h. 

The chromatogram presented for MN500 (Figure 26 A) does not show a promising separation 

for α-GISA, XISA and lactic acid. All of them elute at the beginning showing wide peaks. 

However, the profile of the concentrations obtained from MN270 differs completely from the 

others. Therefore, this process has been repeated twice in order to make sure that the results 

obtained were accurate. It seems that there is a double elution of all the acids right after the 

void volume. It could be explained for the lactone form of the isosaccharinic acids (α-GISA 

and XISA) which is strongly dependent on the acidity, but it is not possible for other acids 
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(see Chapter 3.1.2). Moreover, a late elution of lactic acid and α-GISA appears after 2BV in a 

wide peak which will not provide an optimal fractionation of these acids. 

Nesterenko et al. (2001) studied the use of high-cross-linked resins for the separation of 

organic acids and found out the importance of  the concentration of the eluent  for controlling 

the degree of ionization of organic acids which, thus, affects their retention. For this reason, 

other experiments using H2SO4 as eluent were performed and the results are presented in 

chapter 7.4.2. 

Chelating resins were tested as promising stationary phases due to the different literature 

found regarding ligand exchange chromatography (Garg et al. 1999; Davankov 1994; 

Davankov et al. 2000) and its successful performance in the separation of organic acids in 

both analytical and preparative scale (see chapter 5.1.3 page 34 and chapter 5.2.4 page 40). 

Lewatit TP260 and CuWRAM were selected attaching to the matrix Cu (II) due to the strong 

complexes formed which has influence to the retaining times. 

Figure 27 shows the chromatograms for Lewatit TP260 and CuWRAM. As can be seen, none 

of them present a good fractionation of the acids. Moreover, the main concern with Lewatit 

TP260 is that not all the acids elute, thus, it cannot be used for the main aim of this wok. A 

strong interaction between the copper and the acids may occur avoiding their elution. 

Regarding CuWRAM, a similar behaviour as MN270 is shown. Some of the acids elute in 

two different times which is not understandable, despite isosaccharinic acids as suggested 

before. 



 

70 

 

Figure 27 Fractionation of hydroxy acids from liberated acids solution using A) Lewatit 

 TP260 in Cu2
+
 form and B) CuWRAM in Cu2

+
 form. Hbed=70 cm, Dbed= 1.5 

 cm, Vfeed= 0.1 BV; eluent flowrate 1 BV/h. 

Accordingly to the results, chelating resins with copper attached does not seem a good option 

for the recovery and purification of the targeted hydroxy acids. Furthermore, as already 

described as the main drawback of this technique in chapter 5.1.3, the slowing down of the 

metal while performing the experiments was observed being a main reason for not 

proceeding with the research in this type of chromatography using transition metals. 
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7.4.2 Effect of the eluent 

The concentration of the eluent, in this case H2SO4, controls the degree of ionization of 

organic acids affecting their retention times through the column (Nesterenko et al. 2001) 

when using ion exchange resins. Therefore, CS16GC, MN500, and CS11GC all of them in 

proton form has been tested by eluting different concentrations of sulphuric acid (0.005-

0.01M) (see Figure 28).  

Surprisingly, no major effect have been observed in the different experiments performed. The 

elution times have been kept the same as the ones when eluting the acids with water and the 

peaks did not present different shape. For this reason, water was used as eluent for the final 

process fulfilling the criteria of not using more chemicals. 
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Figure 28 Fractionation of hydroxy acids from liberated acids solution using A) CS16GC 

 in H
+
 form, B) MN500 in H

+
 form and C) CS11GC in H

+
 form Using as eluent 

 1) H2O and 2) H2SO4 (0.01M). Hbed=70 cm, Dbed= 1.5 cm, Vfeed= 0.1 BV; 

 eluent flowrate 1 BV/h. Volatile acids (formic and acetic acids) are not plotted. 
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7.4.3 Final process for the purification of the individual hydroxy acids 

The screening of the different resins has led to one justified conclusion: chromatographic 

separation is a promising technique for the recovery of hydroxy acids from black liquor, but 

more than one step is clearly required to obtain sufficient purity of the targeted acids (α-

GISA, XISA and lactic acid). 

Aiming the recovery of pure individual hydroxy acids, a three-step process has been designed 

and tested achieving individual solutions of α-GISA, XISA and lactic acid, 89 wt%, 98% and 

60% pure respectively. Figure 29 presents the scheme of the final process performed. 

 

Figure 29 Process for the recovery and fractionation of hydroxy acids from black liquor 

Step 1: Fractionation of pure α-GISA 

From all the different resins screened, the one which gave the best performance was the Ion 

exchange resins with low cross-linking matrix and in protonated form (CS11GC and 

CS16GC). Figure 25 discussed in the previous chapter shows the chromatograms for both 

resins. Even though, α-GISA do not interact strongly with both aforementioned resins, 
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demonstrated in its early elution. For the proper fractionation as individual acid, CS16GC 

reveal higher purity for α-GISA as individual fraction (more than 65 wt% pure) compared to 

CS11GC (55 wt% approximately) when targeting the same yield (80 wt% from the α-GISA 

in the feed used in this step). Thus, it has been selected as the stationary phase for the first 

chromatographic separation of the final process. 

The fractionation of the acids by means of CS16GC-filled column has performed in three 

different fractions as indicated in Figure 30. Pure α-GISA is collected to the first fraction 

(F1), the second one (F2) aims to recover more than 85% of the total α-GISA with the 

minimum loss of XISA and lactic acid for the last fraction and the third fraction (F3) contain 

the rest of hydroxy acids and the volatile acids.  

 

Figure 30 Outlet profile of 1st step of the final process using CS16GC (H
+
). Dashed lines 

 show the different fractions collected. Hbed=70 cm, Dbed= 1.5 cm, Vfeed= 0.1 BV; 

 eluent flowrate 1 BV/h. 

The concentrations of the different fractions collected are presented in Figure 31. Each cycle 

was fed with a volume equal to 12.4 mL (10% BV) obtaining 16.5 mL of F1 89 wt% pure α-

GISA (1.41 g/L). This first fraction did not need any further separation step, since it was 

mainly diluted α-GISA. However, F2 and F3 needed more separation steps.  
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Figure 31 Concentration of targeted acids in the fractions collected in the 1st step of the 

 final process 

Fraction 2 contains approximately 3 g/L of α-GISA together with some other acids in minor 

concentrations. The best way to optimized the process would be by recycling F2 to the same 

column as indicated in the scheme of the final process (Figure 29). However, this has not 

been done in this work. 

Fraction 3 aimed to recover the other targeted hydroxy acids (XISA and lactic acid). 

Nevertheless, the individual recovery of them has not been possible in this first stage and the 

fraction contains mainly volatile acids, but also 0.7 g/L of XISA and 1.1g/L of lactic acid in 

20.6 mL solution. For their recovery, the evaporation of the volatiles was needed. 

Step 2: Evaporation of volatiles 

Volatile acids from the solution can be removed without losing hydroxy acids due to their 

difference in vapour pressure (see Table 3). 

A rotary evaporator was used for the evaporation of volatiles from the third fraction (F3) 

recovered in previous stage obtaining a remaining solution enriched with XISA, lactic acid 

and containing still α-GISA. Moreover, lots of glycolic acids was also present in the fraction 

recovered. During the evaporation of formic acid and acetic acid, the water in the solution 

was also evaporated leaving pure hydroxy acids in the remaining solution, which means 

approximately 1.6 g of solution. Thus, the remaining fraction was diluted with purified water 

in a 50mL volumetric flask. 

0.0 

5.0 

10.0 

15.0 

20.0 

25.0 

Feed (After IE) F1 F2 F3 

A
ci

d
s 

C
o

n
ce

n
tr

a
ti

o
n

 (
g

/L
) 

2-HBA Acetic Acid Lactic Acid 
XISA a-GISA Formic Acid 
Glycolic Acid Oxalic Acid 



 

76 

 

Figure 32 Concentration of targeted acids in the fractions collected after the evaporation 

 (2nd step of the final process) once the remaining fraction was diluted 

The concentration obtained after the dilution is plotted in Figure 32 being a 50mL sample 

containing 0.7 g/L of XISA, 1.1 g/L of lactic acid and 0.5g/L of α-GISA. 

Step 3: Fractionation of XISA and Lactic acid 

The final step in the recovery and purification of hydroxy acids was another chromatographic 

separation. Small screening of four resins was done at this point since the initial feed differed 

from the one tested in chapter 7.4.1. 

The main goal of this last separation was the recovery of pure XISA and, if possible, lactic 

acid. Therefore, both Macronet resins were again tested due to the slight separation showed in 

Figure 26 and also CA10GC. Moreover, Sephadex G-10, a size exclusion gel, was tested due 

to the good performance presented in the work of Hellstén et al. (2013b) where some 

fractionation between the different hydroxy acids was observed, probably due to the 

difference presented in the specific volume of both hydroxy acids, XISA and lactic acid. The 

chromatograms obtained with these four separation materials are presented in Figure 33. 
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Figure 33 Fractionation of the remaining fraction already diluted after evaporation step 

 using A) MN500 in H
+
 form, B) MN270, C) CA10GC in H

+
 form using as 

 eluent H2SO4 (pH equal to3.1) and D) Sephadex G-10. Using H2O as eluent. 

 Hbed=70 cm, Dbed= 1.5 cm, Vfeed= 0.05 BV; eluent flowrate 1 BV/h. 

MN270 behaved in the same way as previously. XISA and lactic acid did not come out of the 

column at any time and the concentrations detected for the eluted acids was really small. It 

means that a strong interaction occur between the aforementioned hydroxy acids and the 

stationary phase. The other three resins showed some fractionation, with Sephadex G-10 (C) 

with the best performance. Elution of the acids was also fastest with Sephadex G-10, which is 
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a key parameter for the optimization of the process. Thus, Sephadex G-10 was selected for 

the final step fractionating the solution as indicated with dashed lines in Figure 34. 

In Figure 34, it can be clearly observed the double peak of XISA. The explanation of this 

double peak lies on the tendency of lactonization that XISA present. Changes in the pH 

during the experiment occurred affecting XISA and obtaining it in both, acid form and also as 

lactone, respectively. As discussed in chapter 3.1.3, both acid and lactone form of XISA can  

exist in equilibrium although the presence of the cyclised form (lactone) is higher. 

 

Figure 34 Outlet profile of the 3rd step of the final process using Sephadex G-10. Dashed 

 lines show the different fractions collected. Hbed=70 cm, Dbed= 1.5 cm, Vfeed= 

 0.05 BV; eluent flowrate 1 BV/h. 

A feed volume of 6.2 mL was pumped to the column recovering three different fractions: first 

fraction (F1) aimed the recovery of lactic acid, the second one (F2) contained mainly the 

residual α-GISA and the third fraction (F3) collected pure XISA with traces of α-GISA. The 

exact concentrations recovered from the individual acids are presented in Figure 35. 
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Figure 35 Concentration of targeted acids obtained from the 3rd step of the final process  

Surprisingly, no α-GISA was detected in the third fraction (F3) when it was analysed in the 

HPLC, although the elution profile of the resin (see Figure 35) showed clearly some 

concentration of α-GISA. The explanation might be due to small variances in the 

performance of the experiment compare to the previous one which may have altered the 

division of the different fractions. 

To sum up, Table 11 contains the information of the pure individual hydroxy acids targeted 

obtained from the final process. The purity of the solution in this Table 11 is calculated 

among the other main carboxylic acids contained in the black liquor excluding the volatile 

acids. Due to the easy removal of volatile acids by distillation, there is no need to take them 

into account when calculating the purity. All the solutions contain water that can be 

evaporated in order to obtained the pure hydroxy acids. 
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Table 11 Properties of the purified hydroxy acids obtained. Purity of the acids was 

 calculated without the volatile acids. The yield calculated was using the feed of 

 step 1 of the final process of reference 

Solutions 
Volume 

(mL) 

Purity without 

volatiles (wt%) 
Yield (%) 

Concentration (g/L) 

α-GISA XISA Lactic acid 

Feed (Step 1) 12.4 - - 5.052 1.661 2.954 

F1 (Step 1) 16.5 89 wt% α-GISA 37.1 % 1.404 0.033 0.048 

Feed (Step 3) 6.2 - - 0.460 0.721 1.123 

F1 (Step 3) 22.0 63 wt% Lactic acid 46.8 w% - - 0.148 

F2 (Step 3) 15.0 98 wt% α-GISA 58.4 % 0.111 - - 

F3 (Step 3) 4.8 98 wt% XISA 18.1% - 0.169 - 
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8 Conclusions 

The aim of this work was to recover and purify hydroxy acids from soda black liquor using 

chromatographic separation. The recovery of α-GISA, XISA, and lactic acid as pure 

compounds from the black liquor and the design of the process needed for achieving it, were 

two main concerns about this study. 

After the research performed in this field, it can be stated that the recovery and purification of 

hydroxy acids from soda black liquor is feasible by means of chromatographic separations. 

However, multiple process steps are required in order to obtain the targeted acids as 

individual compounds with high purity. α-GISA was recovered 89 wt% without taking into 

account the volatile acids, 63 wt% of purity was obtained for lactic acid which is recovered 

together with glycolic acid, and 98 wt% purity for XISA. 

The screening of several types of separation materials showed that the recovery of the 

targeted hydroxy acids when they are as sodium salts is not possible, since no differences are 

presented in their elution times. However, after liberation of the acids by ion exchange, some 

resins presented good separation for the targeted hydroxy acids. It has been tested that no 

strong change occurs when hydroxy acids mixture is eluted with different concentrations of 

acids. Nevertheless, many parameters could be taken into account in order to optimize the 

results obtained and extract further conclusions from all the data generated during this work. 

From industrial point of view, the separation of these valuable compounds in high purity is 

stated to be highly promising. Furthermore, the recovery of lactic acid together with glycolic 

acid as final product of the third stage of the process has been found to be an emerging 

combination for the synthesis of capsules anti-cancer drugs.  

Concerning the main challenges stated at the beginning of this thesis for the revaluation of 

the acids from black liquor, more work is still needed for achieving the complete integration 

of these processes to the pulp mill. Despite this, the three-step process proposed filled the 

other requirements since it can be without major concerns transform to a continuous process 

(i.e. after further studying it can be probably transferred to continuous systems such as a 

simulated moving bed chromatography), the materials did not show any kind of fouling in 

short period runs because of a satisfactory lignin removal, and no additional chemicals were 

added to the process. 
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As main conclusion, the combination of a strong acid cation resin for the separation of α-

GISA, the evaporation of volatiles with rotary evaporator and a final chromatographic 

separation using a size exclusion gel for obtaining XISA and lactic acid demonstrated the 

possibility to achieve the fractionation of hydroxy acids individually in relatively short cycles 

and high purity. The main concern lies on the optimization of the separation steps in order to 

improve the separation yield and accomplish the total integration with the pulp mill. 
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