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ABSTRACT 

The utilization of dissolved organics in the pre-hydrolysis liquor (PHL) for the 

production of value-added chemicals can open a biorefinery platform for kraft-based 

dissolving pulp mills. In this dissertation, it was focused on the recovery of acetic acid 

which is the second major component in the PHL. Three different chemical processes 

were studied to separate acetic acid from sugars and lignin: 1) Adsorption, 2) Reactive 

extraction and 3) Membrane filtration. The adsorption of acetic acid by activated carbon 

and tertiary amine based resin led to 98% of acetic acid recovery from Model solution 

(MAA) and 46% from carbon treated PHL (TPHL). For the reactive extraction, the 

Trioctyl amine (TOA)/octanol system had 80.48%, 61.84% and 63.53% of acetic acid 

recovery from MAA, PHL and TPHL respectively. Subsequently, acetic acid in the 

organic phase (TOA-octanol) was back extracted using a sodium hydroxide solution, 

while the solvent (TOA- octanol) was regenerated and recycled successfully.  

The third separation concept was applied using the strategy combined with activated 

carbon, nanofiltration (NF) and reverse osmosis (RO) processes. To reduce the fouling 

due to the lignin present, PHL was firstly subjected to activated carbon adsorption, then 

the treated PHL (TPHL) was passed through a nanofiltration (NF DK) membrane to 

retain and concentrate the sugars, and the permeate of acetic acid rich solution was 

passed through multistage reverse osmosis (RO SG) units. It showed a significant 

increase in the final concentration of dissolved organics: total sugar from 48 g/L to 

227g/L and acetic acid from 10 g/L to 55 g/L. Therefore, it was concluded that the 
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membrane process could be a better option than reactive extraction and adsorption 

process in terms of product quality, yield, cost, feasibility of operation and environment. 
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1.1 Background 

Canada is blessed with an enormous forest resource that is important to Canadians and 

also to the world. The forest product sectors, including the pulp and paper industry, have 

made significant contribution to the Canadian economic development. The Kraft-based 

dissolving pulp production technology has been receiving much attention due to 

growing market for rayon [1].  Such processes naturally fit into the forest biorefinery 

concept, which aims to produce bioenergy and biomaterials besides wood, pulp and 

paper products [1-6].  

Forest biorefinery is the process which can convert forestry and agricultural biomass 

into a large spectrum of products by various physical and chemical means; or 

recover/separate chemicals from sustainable bioresources, biowaste and biomaterials [8-

11]. The prehydrolysis liquor (PHL) of Kraft based dissolving pulp process is an 

attractive source of biomass. In current practice, the liquor is burnt in a recovery boiler. 

The mostly hemicellullose containing PHL is not a good source for heat as they have 

lower heating value than lignin. It is desirable to separate/ recover the dissolved organics 

in the PHL as value added products. 

1.2 Prehydrolysis liquor as potential biorefinery feed stock from wood 

The pre-hydrolysis kraft dissolving pulp production process can produce high alpha-

cellulose pulp, which can be used as the feedstock for the production of rayon textile 

fibers using the viscose process. The prehydrolysis step is critical because it can 

effectively remove the hemicellulose from wood chips before cooking [12]. For that 

reason dissolving pulps contain lower amount of hemicellulose (3%-4% as pentosan) 

than typical paper-grade kraft pulp (10% as pentosan) [13]. The dissolved 
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hemicelluloses can be converted to furfural, ethanol, xylitol and other biomaterials. 

Acetic acid is formed from the hydrolysis of acetyl groups in xylan, and is also largely 

present in the PHL. Acetic acid, together with other dissolved organics, such as lignin 

and furfural, can be separated/ recovered. 

In the current practice the hemicelluloses, and other dissolved organics in the PHL along 

with black liquor are combusted in the recovery boiler. As the heating value of wood 

carbohydrates (mainly hemicelluloses) is about 13.6MJ/kg, which is only half of that of 

lignin, the incineration of those lignocellulosic materials (LCM) is not rational. 

Consequently, a more economical use of the hemicelluloses is to recover them from 

PHL, which can then be converted to higher value-added products [14-20]. The high-

value added products from PHL have the potential to provide a new market opportunity 

for the pulp and paper industry. This forest biorefinery integration may contribute to the 

sustainability of the mills, which is attributed to the additional revenues gained by more 

efficientl utilization of PHL as feedstock [21, 22]. 

1.3 Biomass as an acetic acid source 

Acetic acid is an important intermediate chemical. The demand for acetic acid is 

increasing by approximately 3 to 4% every year. The global demand for acetic acid in 

2010 was 9.5 million tons [23], 80% of which was met by petrochemicals or biological 

sources, and 20% was from recycling waste stream from the synthetic organic chemical 

industry. So, it is desirable to produce acetic acid from renewable biomass.  

1.4 Objectives of the Study 

The general objectives of the thesis are: 
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[1] To recover acetic acid as a value added chemicals from pre-hydrolysis liquor 

(PHL) from the Kraft- based hardwood dissolving pulp production process. 

[2] To develop a feasible and economical biorefinery process concept for the 

kraft- based dissolving pulp production process.  

[3] To recover and concentrate hemicellulosic sugars and acetic acid from PHL 

by combined process of nanofiltration and reverse osmosis.  

1.5 Research statement and hypotheses 

As acetic acid is an anionic compound, cationic base such as amine can selectively 

interact with it; thus, can be used to recover HAc from PHL. Subsequently, to regenerate 

the amine based resin or extractant, a stronger alkali may be applied to recover HAc as 

acetate. Additionally, the membrane technology, such as nanofiltration and reverse 

osmosis, could be an alternative physical separation process for the dissolved organics 

in the PHL due to molecular weight difference of acetic acid and oligomers.  

1.6 Delimitations of the Study 

This study is limited to the recovery of acetic acid and lignin and concentration of 

dissolved sugars. Desorption of lignin from the activated carbon and resin was not 

included in this research. The upgrading or purification of acetic acid was not 

considered. This research doesn’t include the conversion of hemicellulosic sugars to 

biofuels and biomaterials.  

1.7 Novelty of Work 

[1]  A novel concept of using different separation technique depending on 

properties of components, such as higher MW lignin was removed so that the 
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subsequent recovery of hemicelluloses and acetic acid would be facilitated by 

NF/RO. 

[2]    First time proposal/validation of amine-acetic acid complexation concept 

and overloading for the recovery of acetic acid from pulp and paper waste 

streams. 

[3]    An overall process concept of utilizing dissolved organics from the pulping 

effluent to integrate forest biorefinery into dissolving pulp mill. 

3.1 Thesis Outline 

This thesis represented in nine chapters following the article format. Chapters four to 

eight (four articles were published already and one to be submitted) comprised of 

abstract; introduction; materials and methods; results and discussion; and conclusions 

sections. 

Chapter 1 is the general introduction of research objectives, background, and scope of 

the study.  

Chapter 2 discusses about the literature review of different separation processes of acetic 

acid.  

Chapter 3 details the adsorption and desorption of acetic acid from prehydrolysis liquor 

using tertiary amine based ion-exchange resin. 

Chapter 4 focuses on the adsorption equilibria, kinetics and thermodynamics associated 

with the recovery of acetic acid from pre-hydrolysis liquor by adsorption onto Purolite 

A111S resin. 

Chapter 5 presents the reactive extraction process to recover acetic acid from PHL, 

TPHL and model solution by tri-octyl amine and octanol.  



 

6 

 

Chapter 6 describes the regeneration of reactive extractant and back extraction of acetic 

acid by using sodium hydroxide for TPHL and model solution.  

Chapter 7 discusses a proposed concept for recovering and concentration hemicellulosic 

sugars and acetic acid by nanofiltration and reverse osmosis. 

Chapter 8 presents economic analyses of different processes to determine the optimum 

solution considering current market demand, resources, investment and operation cost. 

Chapter 9 states the conclusions and recommendations for future work. 

3.2 References 

[1] van Heiningen, A., 2006, "Converting a Kraft Pulp Mill into an Integrated Forest 

Biorefinery," Pulp Paper Canada, 107(6) pp. 38-43. 

[2]  Paun, D., Srivastava, V., Garth, J., 2004, "Study Highlights: 2001 US and 

Canadian Pulp, Paper, and Packaging Industry Performance Review," Tappi 

Journal, 3(1) pp. 14-15. 

[3]  Ryder, N., 2007, "Soaring Loonie - how the Rising Canadian Dollar is Affecting 

the Pulp and Paper Industry," Pulp Paper Canada, 108(12) pp. 12-14. 

[4]  von Ungern-Sternberg, S., von Ungern-Sternberg, C., 1999, "Paper 

Consumption and Information Media," Journal of Information Science, 25(3) pp. 

229-233. 

[5] Klugman, S., Karlsson, M., Moshfegh, B., 2007, "A Scandinavian Chemical 

Wood-Pulp Mill. Part 1. Energy Audit Aiming at Efficiency Measures," 

Applied Energy, 84(3) pp. 326-339. 
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[6]  Hailu, A., Veeman, T., 2000, "Output Scale, Technical Change, and 

Productivity in the Canadian Pulp and Paper Industry," Canadian Journal of 

Forest Research, 30(7) pp. 1041-1050. 

[7] Kamm, B. B., Kamm, M., 2004, "Principles of Biorefineries." Applied 

Microbiology and Biotechnology, 64(2) pp. 137-45. 

[8] Ragauskas, A. J., Williams, C. K., Davison, B. H., 2006, "The Path Forward for 

Biofuels and Biomaterials," Science, 311pp 484-489. 

[9] Magdzinski, L., 2006, "Tembec Temiscaming Integrated Biorefinery," Pulp & 

Paper Canada, 107(6) pp. 44-46. 

[10] Realff, M.J., Abbas, C., 2003, "Industrial Symbiosis - Refining the Biorefinery," 

Journal of Industrial Ecology, 7(3-4) pp. 5-9. 

[11]  Huang, J., Ramaswamy, S., Tschirner, U. W., 2008, "A Review of Separation 

Technologies in Current and Future Biorefineries," Separation and Purification 
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2.1 Current status of Canadian pulp and paper industry 

Pulp and papermaking is a large capital-intensive industry. This industry is one of the 

pillars of Canadian economy in terms of jobs, investments and exports. Moreover, for 

the reason of its major role, the pulp and paper industry diversifies the entire forest 

products sector. More importantly, this industry is essential for social development and 

welfare of the regions that are dependent on it. 

After a “golden age” up to the 1990’s, recently the Canadian pulp and paper industry has 

faced significant challenges like intense global competition; declining commodity 

prices; rising raw material and energy cost; and  strong currency. It has been suggested 

that forest biorefinery that will allow the industry to produce many other value-added 

products, in addition to the traditional pulp and paper products, may increase the 

competitiveness of the Canadian pulp and paper industry. Therefore, a better balance 

between demand and supply; and new product development, can improve this economic 

situation of this sector. 

2.2 Conventional kraft pulping process 

The kraft process is an important chemical pulping process in the pulp and paper 

industry. Conventionally, kraft pulping has three steps: 1) Pulping 2) Bleaching and 3) 

Recovery process. At the pulping stage, wood chips are fed into a vessel called a 

digester (either continuous or batch) where the chips are cooked under high pressure and 

temperature to remove lignin by many complex chemical reactions. Usually a mixture of 

sodium hydroxide and sodium sulfide is used in the cooking stage. During the cooking 

process approximately 40-50% of the wood mass is dissolved and forms black liquor, 

which is a mixture of the dissolved wood constituents (degraded hemicelluloses/ 
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cellulose, lignin and extractives) and the spent inorganic salts. Afterwards, the pulp is 

washed and the brown pulp goes to bleaching stage. The purpose of bleaching pulps is 

to remove essentially all of the residual lignin to increase brightness; hence the process 

is often referred to as delignification. Actually, bleaching chemicals are oxidizing agents 

that react with and dissolve the residual lignin. Most applicable bleaching agents are 

chlorine dioxide, oxygen, hydrogen peroxide, Ozone. Oxygen delignification involves 

the use of oxygen and alkali to remove a substantial fraction of the lignin. 

Both the chemicals applied to and the materials dissolved during pulping are sent to the 

chemical recovery system. In the black liquor recovery process, dissolved organics in 

the black liquor are combusted in a recovery boiler to produce steam and electricity [2]. 

The pulping chemicals: sodium hydroxide (NaOH) and sodium sulfide (Na2S) are 

regenerated from the spent liquor in the recovery cycle. The products from the recovery 

boiler are primarily sodium sulfide (Na2S) and sodium carbonate (Na2CO3). Sodium 

carbonate is converted in the causticization process, which uses lime (CaO) to convert 

sodium carbonate to sodium hydroxide (NaOH) and produces calcium carbonate/lime 

mud. The lime (CaO) is further regenerated from calcium carbonate in a kiln operation 

[3-5]. Figure 2.1 illustrates a typical conventional Kraft pulp mill process with details of 

recovery units.  
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Figure 2.1 Conventional Kraft pulping process [2] 

2.3 Kraft- based Dissolving Pulp Process 

The conversion of a traditional kraft to a dissolving pulp mill requires an additional 

stage called pre-hydrolysis to extract the hemicellulose before cooking. The dissolving 

pulp process based on the pre-hydrolysis kraft process has been commercialized in a 

number of processes, such as Visbatch
®
 or VisCBC operations [6]. In this system, 

hydrolysis is performed using saturated steam at around 170ºC.The presence of steam 

acts an auto hydrolysis that generates acetic acid from the acetyl groups of the hemi-

cellulose, which allows degrading/removing hemicellulosic sugars [7]. Lignin is also 

partially degraded/removed in the process. After the hydrolysis, a neutralization step is 

required for extracting, degrading and removing the cleaved hemicelluloses from the 

wood chips, which is succeeded by a hot displacement (Visbatch
®
) or cooking stage 

(VisCBC) [6]. In this stage, the neutralization liquor is displaced by a mixture of hot 

black liquor and white liquor. The subsequent kraft cooking is then conducted to 

produce pulp with a kappa number ranging from 45 to 10.  
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It is noted that the pre-hydrolysis step is critical to produce high quality dissolving pulp 

that has very high alpha-cellulose content. Traditionally the dissolved lignin, hemi-

cellulose and others are burnt in the recovery boiler so that their value is recovered in 

the form of energy/steam.  The majority of the energy is derived from the lignin and 

much less from the hemicellulose. 

 

Figure 2.2 Kraft-based dissolving pulp production process with a concept of 

biorefinery 

2.4 Potential forest biorefinery related to Kraft-based Dissolving Pulp Process 

A potential biorefinery should fully utilize the biomass and, simultaneously produce 

product, biochemical, and energy. Pulp and paper industry is the biggest consumer of 

forest biomass. Except cellulose, which is the main constituent of fiber, other chemicals 

such as hemicelluloses and lignin have been utilized as energy source in the mill for a 

long time. There is no doubt that the cooking liquor can be a source of next generation 
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biomaterials and biofuel. In terms of increasing revenue, global concerning for green 

chemistry this is the right time to focus on the development of biorefinery in the pulp 

and paper sector.  

In pulping sector 2.5% of pulps are dissolving pulp, among which 40% is produced from 

the pre-hydrolysis Kraft process [8]. To obtain pure cellulose additional pre-hydrolysis 

stage is used to remove hemicelluloses in the dissolving pulping process [6, 9]. For this 

reason dissolving pulp has 3% of hemicellulose where conventional kraft pulp has 10% 

[10]. Several processes have been proposed for converting Kraft pulping process into a 

forest biorefinery unit [9-14]. Essentially, the recovery of these valuable dissolved 

organics would be cost-effective so that it becomes economically viable to integrate. 

Simultaneously conversion of lignocellulosic materials like hemicelluloses into furfural, 

hydroxy-methyl-furfural (HMF), xylitol, ethanol can compete with petro based 

chemicals in the current market [15-26]. Lignin can be used directly as fuel [25-29], or it 

based materials can be applied for dispersing agent and emulsion stabilizer [30], carbon 

fibers, resins, soil improvements [10, 25, 31], polyurethanes, plastics/polymers [32-34] 

or for bio-composites [35]. Therefore, the pre-hydrolysis Kraft-based dissolving pulp 

production process can be adopted for the forest biorefinery concept [19-21].  
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Figure 2.3 Platform biochemicals from biomass of forest 

(http://www.biofuelsb2b.com/biomassfacts.php) 

2.5 Acetic acid from hemicelluloses 

The major hemicellulose in hardwoods is O‐acetyl‐4‐O‐methylglucurono‐β‐D‐xylan, 

also known as glucuronoxylan [7]. The content of xylan in hardwood varies from 15 to 

30% of the dry wood, depending on the hardwood species. There are seven (7) O‐acetyl 

groups per 10 xylose units [7]. A typical hardwood hemicellulose has shown in Fig. 2.4. 

Hot water or steam hydrolysis is an auto-catalytic process, in which the cleavage of 

acetyl group forms acetic acid. Thus the generated acetic acid provides the acidity that is 

needed to depolymerize/ dissolve hemicelluloses from the wood chips [36-38]. Fig. 2.5 

shows the formation of acetic acid and acetyl-containing dissolved organics during the 

hydrolysis of mixed hardwoods at 170ºC [37].  

http://www.biofuelsb2b.com/biomassfacts.php
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Figure 2.4 Acetyl group in hardwood based hemicellulosic structure [7] 

 

Figure 2.5 The formation of acetic acid and acetyl group containing oligomers in 

the PHL from mixed hardwoods [37] 

2.6 Main components in the PHL as potential biomaterials 

The main components of the PHL are listed in Table 2.1 [39]. In the pre-hydrolysis 

process, the majority of the hemicelluloses and some part of lignin are extracted from 

the wood chips and dissolved in the aqueous phase. As shown in Table 2.1, the total 

amount of the LCM is just around 7.1%. Among them 5%, 0.9%, and 1% are 
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hemicelluloses sugars, lignin and acetic acid, respectively. Potential derivative materials 

from these base chemicals are already discussed in the previous section. 

If we consider that the heating value from burning hemicelluloses is just $ 50/ ODMT. 

On the other hand the new products such as polymer that can be converted from 

hemicelluloses, may be valued at $2000/ ODMT [9], it could, therefore, be concluded 

that converting these hemicelluloses into valuable products can open a new economic 

opportunity for pulp and paper mill. 
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Table 2.1 Chemical compositions of PHL (g/l) [39]  

2.7 Typical separation techniques for recovery of acetic acid 

Several separation technique such as adsorption, membrane separation, ion exchange, 

distillation, as well as the combination of these techniques have been studied [40-46] for 

the recovery and concentrating  of hemicellulosic sugars,  acetic acid from the PHL. 

        Lignin 9.22 

Rhamnose 
Monomeric 0.44 

Oligomeric 0.28 

Arabinose 
Monomeric 0.85 

Oligomeric 0 

Galactose 
Monomeric 0.70 

Oligomeric 1.72 

       Glucose            

Monomeric 1.16 

Oligomeric 6.61 

        Xylose 
Monomeric 4.99 

Oligomeric 30.94 

Mannose 
Monomeric 0.26 

Oligomeric 2.38 

Total sugars (monomeric + oligomeric) 50.33 

Acetic acid 10.11 

Furfural                                                                                             1.43 
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2.7.1 Advantages of using Activated carbon 

Activated carbon (AC) has several advantages over other adsorbents. AC adsorption was 

considered as one of the best environmental control technologies by the US 

Environmental Protection Agency [47]. AC can be made from various carbonaceous 

source materials, such as nutshell, wood, coal, bone, and then be activated by gas or 

chemicals under very high temperature. The AC has large surface area and flexible pore 

size distribution, so that it has outstanding adsorption capacity under various conditions. 

The pore size varies from micro-pores of smaller than 2 nm, meso-pores of 2-50 nm and 

macro-pores of larger than 50 nm [48]. There are 10
20

 micro-pores with the total volume 

of 0.25-0.9 mL on one gram of AC, the surface area can be a thousand square meters, 

and up to 95% of its total surface area can be available for adsorption capacity [49],  

The AC can be classified into granular AC and powder AC by particle size difference. 

The adsorption capacity of AC mainly depends on its total surface area and pore size. 

The powder AC with an average diameter between 0.15-0.25 μm and large specific 

surface area which can be 1500 m
2
/g, would have better performance for adsorption 

[49]. On the other hand granular activated carbon has less surface area (450 m
2
/g) than 

powder AC [49]. 

Chemical adsorption is another important mechanism that occurs in the adsorption 

system, thus, the surface chemistry of AC should also be considered. On the AC surface, 

there are some functional groups such as carboxyl group, phenolic group, hydroxyl 

group, which are also important characteristics for the adsorption. 
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2.7.2 Amine-based resin as adsorbent for acetic acid 

Ion-exchange resins (IER) have been used to remove acetic acid from hemicellulosic 

hydrolysates [50-52]. Resins can be reused and regenerated easily, especially weak ion 

exchangers due to higher exchange capacities than strong ion exchangers [53]. Resins 

such as styrene–DVB [54]; strong-base anion-exchanger [55-57]; and strong and weak 

cation-exchange resins have been used to adsorb carboxylic acids from aqueous 

solutions. The weak base ion-exchange resins acts as functional polymers because of the 

presence of amino groups. The functional group basicity and matrix chemistry of weak-

base ion-exchange resins affect the capacity and selectivity of the adsorption of 

carboxylic acids [58-60]. The uptake of organic solutes from aqueous solutions due to 

swelling and regenerability of adsorbents also have been extensively investigated [61-

64]. Methanol, methyl acetate, and acetone were used for regeneration of adsorbent. It 

was found that an intermediate degree of basicity is necessary in a synthetic resin for 

acetic acid adsorption (strong enough for acid-base interactions, but weak enough during 

regeneration) [64]. A wide variety of IERs are commercially available with different 

polymer matrices and a range of functional groups giving flexibility in selecting a 

resin. Fig. 2.6 shows the acid-base interaction of acetic acid and resin. 

 

Figure 2.6 Schematic representation of the interaction between acid and weak base 

resin [65] 
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Most of the ion-exchange treatments were used for detoxification of inhibitors such as 

acetic acid, phenolic compounds, furfural and hydroxymethyl furfural to produce 

xylitol, ethanol and other products from fermentation [52, 54-58]. Very few research 

studies focused on the recovery of acetic acid from prehydrolysis liquor of dissolving 

pulp by weak ion exchange resin. To increase the efficiency of adsorption of acetic acid 

prior to resin treatment PHL was first subjected to the activated carbon treatment to 

remove lignin and furfural in our recovery process. This research for the first time 

worked on a complete process combined with activated carbon adsorption system, ion-

exchange resin treatment, regeneration of resin and desorption of acetic acid.  

2.7.3 Liquid extraction 

The preferred method of removal for dilute concentrations of acetic acid is solvent 

extraction. [66]. In general, the aqueous waste or product streams are mixed with an 

organic extractant (a diluent may be used) to extract acetic acid.  

Depending on miscibility and mechanism, the solvents are being divided into two 

groups, solvents that are partially miscible in aqueous solutions and solvents that are 

basically immiscible in water. The first group includes the De Dietrich process which 

uses solvents such as ethyl acetate or methyl isobutyl ketone (MIBK) to remove acetic 

acid, for example, during manufacture of pharmaceutical products or cellulose acetate. 

Although this is a relatively established technology, it cannot be adopted in all cases due 

to presence of solvent in aqueous phase that needs other separation unit. This solvent 

can be separated by distillation. On the other hand, immiscible solvents usually include 

a diluent and an active extractant, together is referred to as reactive extraction. For 

example, this extraction is used in fuel processing to remove actinides, fission products, 
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and other metals. The diluent is likely to be a hydrocarbon such as kerosene, octanol, 

dodecane, and a variety of extractants can be used. The extractant, as well as the diluent, 

should be essentially insoluble in the aqueous phase. The most used reactive extractants 

for removing acetic acid from aqueous phase are trioctylphosphine oxide (TOPO), tri-n-

octylamine (TOA), and tributylphosphate (TBP) [66].  

Reactive extraction is more popular method for recovery of acid of dilute solution from 

different process industries. For the first time reactive extraction with TOA/Octanol was 

introduced to PHL of dissolving pulp to recover acetic acid. The process concept was 

unique in terms of intregration of activated carbon treatment with reactive extraction 

process. Moreover, a detail research was done on the back extraction of acetic acid with 

optimization of yield and concentration. Also this thesis addresses the regeneration and 

reuse of organic phase for ten times successfully. Therefore, this distinct research dealt 

with complete recovery and concentrate of acetic acid and ensure the reuse of organic 

extractant from PHL.  

2.7.4 Membrane filtration 

Membrane separation processes can play an important role for the fractionation, 

purification and concentration of valuable intermediate and final products. In the 

literature, there are a number of studies regarding the separation of acetic acid from 

hydrolyzates by using membrane processes [67-69]. Nanofiltration (NF), with molecular 

weight cut off (MWCO) between ultrafiltration (UF) and reverse osmosis (RO), has 

received great interest in the separation related to forest biorefineries, due to its low 

energy consumption and unique separation properties [67].  
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A membrane process is controlled both by the membrane properties and by the 

operating conditions, e.g. structure of membrane, membrane pore size, permeate flow, 

hydrostatic pressure, temperature, pH etc [70-73].   NF may have a wide range of 

MWCO. Murthy et al. reported that the concentration of xylose from rice husk 

hydrolysis, can be increased from 2% to 10% using NF [74].  Vegas et al. [75] applied 

several UF and NF membranes to oligosaccharide fractionation and purification. They 

found that the 4 kDa polymeric membrane (ESP04) rejected 93% and 10% of 

oligosaccharides and monosaccharides, respectively, giving the best fractionation results 

[75].   

The acetic acid retention increased with the increase in pH and pressure, and decreased 

with the increase of temperature during RO operation [74, 76].  Generally, the obtained 

acetic acid retentions increased with an increase in pressure. About 15% increase was 

observed for retention of acetic acid when the pressure increased by from 20 to 30 bar 

[76]. There is negligible effect of feed concentrations on acetic acid retention [74]:  at 

10 bar and 25 °C, the acetic acid retention ranged from 42% to 44% as the initial 

concentration of acetic acid varied from 2 to 10 g/L [74].    

Most of the research focused on either single stage nanofiltration or reverse osmosis  

process to recover acetic acid and sugars. The major challenges for membrane filtration 

are fouling and sufficient amount of permeation. In our study, we used activated carbon 

to remove lignin to reduce fouling prior to membrane process. For the first time we tried 

to design the membrane filtration process with combination of multistage nanofiltration 

http://www.sciencedirect.com.proxy.hil.unb.ca/science/article/pii/S0960852409015958#bib15
http://www.sciencedirect.com.proxy.hil.unb.ca/science/article/pii/S0960852409015958#bib24
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and reverse osmosis in cascade pattern to recover and concentrate both sugars and acetic 

acid simultaneously and efficiently. 

2.8 Overview of research  

In this study we followed three different processes to recover acetic acid from industrial 

prehydrolysis liquor of kraft based dissolving pulp (Fig. 2.7). The first process was 

adsorption based separation where the PHL was adsorbed on activated carbon then the 

treated PHL (TPHL) was followed by adsorption on resin. Second process was reactive 

extraction and back extraction of activated carbon treated PHL. Finally the third process 

was membrane filtration with combination of nanofiltration and reverse osmosis of the 

same activated carbon treated PHL.  
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Figure 2.7 Overview of experiment design 
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3.1 Introduction 

The pre-hydrolysis is an important step in the kraft- based hardwood dissolving pulp 

process to remove hemicelluloses from the raw materials. In the pre-hydrolysis process, 

a part of lignin is dissolved along with hemicellulose. Also acetic acid is formed from 

the bound acetyl group of hemicelluloses. Separation and concentration of acetic acid 

from the prehydrolysis liquor (PHL) is essential towards implementing the biorefinery 

concept for the kraft- based dissolving pulp production process. The presence of lignin 

in the PHL is detrimental for utilizing dissolved biomass. For example, lignin in the 

PHL hampers xylose/xylan fermentation for ethanol or xylitol production [1, 2]. It can 

create fouling problem when using membrane technology to concentrate the dissolved 

hemicellulosic sugars [3]. Lignin in the PHL even can increase side reactions during the 

furfural production from the dissolved hemicelluloses [4]. The presence of lignin also 

creates problem in separating and concentrating acetic acid from the PHL by reactive 

extraction with tri-octyl amine (TOA) and octanol [5]. Therefore, lignin must be 

removed in successful exploitation of dissolved biomass. Activated carbon (AC) 

adsorption is a popular physico-chemical treatment for the removal of dissolved 

organics from waste waters [6, 7]. AC has a highly porous structure and high specific 

surface area, which makes it a strong candidate for adsorbing various organic and 

inorganic materials in liquid or gas media [8, 9]. In this chapter, six types of AC were 

evaluated in terms of lignin removal from the PHL. 

Acetic acid is an important co-product in the pre-hydrolysate of bio-mass [10-12], and it 

is a commodity product that has many applications in food and chemical industry. 

Conventional technologies, such as liquid-liquid extraction and distillation, would not be 
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commercially viable to recover acetic acid from the PHL, because its concentration is 

only about 10 g/L [3]. 

Because of its low concentration in the PHL, adsorption may be an attractive method for 

separation of acetic acid. Amine- based resins may serve this purpose well because 

acetic acid forms hydrogen bond complexes with amino group on resin [13]. Different 

types of resins were reported to remove acetic acid from its dilute solution [13-18]. 

Among them tertiary amine based resin adsorbed more acetic acid than primary and 

secondary amine based resins and it was reported that  about 98.5% of the acetic acid 

was recovered  from 1% acetic acid solution using Duolite A-375 [15]. In this chapter 

three different weak base resins and a strong base resin were evaluated for acetic acid 

adsorption from the PHL. 

3.2 Materials and methods 

3.2.1 Materials 

An industrial prehydrolysis liquor (PHL) sample was collected from a dissolving pulp 

mill in Eastern Canada. The weak base resin Purolite A111S and PA103S were supplied 

by Purolite International Ltd. Other resin samples: WA30 and PA408 were supplied by 

DIAION. These were macroporous weak base anion resin and used without any 

treatment or purification. BL Powdered activated carbon (AC), PWA Powdered AC, 

CANE CAL Granular AC, were purchased from CALGON Carbon Corporation and 

CR325AA-10, CR325W-Ultra, CR610A samples were obtained from Carbon Resources. 

Acetic acid (purity >99%) was purchased from Fisher Scientific Canada. 
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3.2.2 Methods 

3.2.2.1 Activated carbon (AC) treatment 

The PHL and activated carbon (AC) were mixed at the ratio of 20:1 and shaken at the 

speed of 150 rpm at room temperature for 5 h. Then the treated PHL (TPHL) was 

collected after filtration through 0.45 micron membrane.  

3.2.2.2 Characterization of activated carbon (AC) 

Nitrogen adsorption/desorption isotherms of ACs were determined using a BELSORP-

max (BEL Inc). About 0.1 g (o.d.) of AC was pretreated at 120ºC and 10
-7

 Torr 

overnight for contamination removal. Afterwards, the measurement was carried out 

using nitrogen, as a probe, at 77 K overnight. The isotherm data was recorded in a 

relative pressure of P/P0 in the range of 10
-7

 to 0.999. The BET specific surface area and 

average pore size of the ACs were determined from the adsorption isotherms 

3.2.2.3 Resin treatment 

All resins and different volume of 1% model acetic acid (MAA) solutions and AC 

treated PHL (TPHL) were taken with different ratio (1:5 to 1: 20) for adsorption study in 

a thermostatic shaker at 25, 35 and 45
0
C. Agitation was provided at 150 rpm for 1 hr. 

The amount of adsorbate on adsorbent and in solution at equilibrium can be represented 

as: 

qe (g/g) = (Co-Ce)V/W-------------------- (4. 1) 

Xe (g) = Ce*V----------------------------------- (4. 2) 

where Co and Ce (g/L) are the acetic acid concentration at initial and equilibrium, 

respectively. V(L) is the volume of solution and W(g) is the weight of adsorbent used in 
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the experiment. Regeneration/desorption was done in a same manner of adsorption  with 

4% NaOH at 1 to 10 resin to alkali solution, 1 hour and 150 rpm of shaking speed. 

3.2.2.4 Acetic acid analysis 

The initial and equilibrium acid concentrations of furfural and acetic acid were 

determined using 
1
H NMR spectroscopy. All quantitative acetic acid 

1
H NMR spectra 

were recorded at 298 K in H2O:D2O (4:1) using a Varian/Agilent INOVA 300 NMR 

spectrometer operating at a frequency of 299.838 MHz for 
1
H observe. The methyl 

protons signal of acetic acid was chosen as the reference standard for the quantitative 

analysis. The relaxation time (T1) of the methyl protons of acetic acid was measured as 8 

seconds using the standard inversion recovery pulse sequence supplied with the 

Varian/Agilent VnmrJ 1.1D software. Each NMR spectrum was recorded with a spectral 

width of 4000 Hz, and an acquisition time of 3.744 seconds, resulting in the acquisition 

of 29,952 data points. The pulse width was set to ninety degrees (9.5 microseconds) and 

the inter-pulse delay time was set at 40 seconds. The free induction decay was recorded 

by co-adding four transients and was zero-filled to 131,072 data points prior to Fourier 

transformation. The receiver gain was set at 42 dB for the recording of all spectra. A 

spline fitting baseline correction routine was applied to the spectrum prior to the 

measurement of the methyl protons integral. All 
1
H spectra were recorded using a 

DPFGSE pulse sequence for water suppression and were processed using VnmrJ 1.1D 

or 3.2A software. Calibration curves were made with the standard solutions of each 

component to determine the unknown concentration for each of these present in the PHL 

(Appendix II). Samples were prepared for NMR spectroscopy using a ratio of aqueous 

sample to D2O of 4:1(0.8 ml: 0.2 ml).  
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3.2.2.5 Lignin Analysis 

The lignin content of the original PHL and processed samples was measured based on 

the UV/Vis spectrometric method at a wavelength of 205 nm [TAPPI UM 250] [4]. 

Three replicates were measured to report average of the results.  

3.2.2.6 Sugar Analysis 

The mono and oligo sugar contents in the pre-hydrolysis liquor and the treated liquor 

were determined by using an ion chromatography unit equipped with CarboPac
TM 

PA1 

column (Dionex-300, Dionex Corporation, Canada) and a pulsed amperometric detector 

(PAD). To convert oligosaccharide of PHL to monosaccharide, an additional acid 

hydrolysis of the sample was carried out at 1:5 sample to acid solution (4% of sulfuric 

acid) and at 121
o
C in an oil bath in a small sealed glass vial (Neslab Instruments, Inc., 

Portsmouth, N.H., USA). The samples were diluted prior to analysis about 900 times. 

Then 1 mL of the above-prepared samples were filtered and added to plastic vials and 

the analyses were carried out by using the ion chromatography. The sugar content before 

the acid hydrolysis showed the monomeric sugar content of the PHL, while the one after 

this hydrolysis reflects the total sugar content of the PHL. The oligomeric sugar content 

of the PHL was determined considering the total and monomeric sugar contents of the 

PHL. 

The PAD settings were E1 = 0.1 V, E2 = 0.6 V and E3 = -0.8 V. Deionized water was 

used as the eluant with a flow rate of 1 mL/ min, 0.2 N NaOH was used as the 

regeneration agent at a 1 mL/ min flow rate and 0.5 N NaOH as the supporting 

electrolyte at a 1 mL/ min flow rate. The calibration curve was established for each 

components, however, only for the riches component of PHL (xylose) shown in 
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Appendix I. The analyses with standard solutions and industrial PHL revealed the error 

within the range of 5% (confidence level 95%) for high performance anion exchange 

chromatography (HPAEC) unit used. [5]. 

3.3 Results and Discussion 

3.3.1 Adsorption of lignocelluloses onto different Activated carbon (AC) 

The specific surface area of AC was varied from 908 to 1350 m
2
/g. As shown in Table 

1, the lignin and furfural adsorption was very high on AC. Both lignin and furfural 

adsorption was directly related to the surface area of AC. CR325W-Ultra Powdered AC 

had the highest surface area, yielding 93.17% lignin and 92.75% furfural adsorption at 

1:20 (AC:PHL). These results were in agreement with those in the literature [3]. It was 

observed that lignin and furfural adsorption from the model PHL onto AC was very high 

[21]. In another study, hydrolysis liquor was prepared by steaming hardwood chips at 

170
0
C for 1 h and contained 3.62 g/l monosugars and 0.78 g/l furfural. The treatment of 

this hydrolysis liquor with 5% AC in a batch system at 50
0
C and 180 rpm resulted in 

97.5% furfural removal [22]. Therefore, it can be concluded that AC is a suitable 

adsorbent for furfural and lignin. The adsorption of lignocelluloses also depends on the 

charge interaction, hydrophobicity/hydrophilicity [22-25]. Furfural is a hydrophobic 

material and has a small size, thus it can easily access the pores of AC. The pore 

accessibility/large available surface area and high hydrophobicity are the reasons for the 

high adsorption level of furfural on AC (Table 3.1). The lignin could be adsorbed onto 

AC based on van der Waals and hydrogen bonding [21]. About 20% acetic acid present 

in the PHL was also adsorbed onto AC, which did not vary significantly with surface 

area (Table 3.1). The results indicated that CR325W-Ultra Powdered AC was the best 
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adsorbent for lignin and furfural removal from the PHL. The AC treated PHL (TPHL) 

was subsequently treated by amine base resin to recover acetic acid. 

Table 3.1 Lignocelluloses adsorption in different activated carbon (25
0
C, 1:20 of 

AC to PHL ratio, 5 hr). 

AC 

Surface 

area 

(m
2
/g) 

Total 

pore 

volume 

(cm
3
/g) 

Mean 

pore 

diameter 

(nm) 

Lignin 

(%) 

Acetic 

acid (%) 

Furfural 

(%) 

BL Powdered AC 919 0.47 2.12 87.78 21.34 88.88 

PWA Powdered 

AC 
975 0.58 2.41 88.35 22.15 89.56 

CR325AA-10 

Powdered AC 
1045 0.88 3.45 90.69 20.66 90.26 

CR325W-Ultra 

Powdered AC 
1350 1.21 4.06 93.17 20.11 92.75 

CANE CAL  

Granular  AC 
1039 0.63 2.44 85.4 20.96 82.48 

CR610A Granular  

AC 
908 0.52 2.85 82.04 22.65 81.65 
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3.3.2 Adsorption of acetic acid onto amine base resin 

At this stage our main objective was to recover acetic acid from the TPHL. Three 

different weak base resins and a strong base resin were evaluated for acetic acid 

adsorption from the TPHL and MAA. As shown in Table 3.2, acetic acid adsorption 

from the MAA was 95-98% for tertiary amine while it was only 45-57% for TPHL. This 

may be attributed to the presence of sugars, lignin in addition of acetic acid in TPHL, 

which can hinder acetic acid adsorption.The highest amount of acetic acid adsorption 

was found for both MAA and TPHL for A111S while the lowest adsorption was for 

quaternary PA408. The presence of more electronegative chloride ion in the quaternary 

resin hindered the exchange of acetate ion.  

Table 3.2 Adsorption of acetic acid from model acetic acid (MAA) solution and 

activated carbon treated prehydrolysis liquor (TPHL) onto different resins 

Resin type Adsorbent Name 
Capacity  

meq/ml 

Recovery of Acetic acid % 

1% MAA TPHL 

Tertiary A111S 1.70 97.94 46.26 

A103S 1.60 95.25 45.25 

WA30 1.50 97.48 45.25 

Quaternary PA408 0.90 26.66 22.34 
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3.3.3 Effect of time and temperature on acetic acid adsorption 

The A111S resin had the highest acetic acid adsorption (Table 3.2), hence further 

adsorption study was carried out by using the same resin, but varying time, temperature 

and adsorbate to adsorbent ratio. As shown in Table 3.3, a higher temperature negatively 

affected the adsorption of acetic acid from the TPHL. The lower adsorption of acetic 

acid at higher temperature indicates exothermic in nature [26]. The treatment time did 

not change the acetic acid adsorption in the range studied, indicating that the adsorption 

was very fast. 

Table 3.3 Effect of time and temperature on the adsorption of acetic acid from the 

TPHL and MAA onto resin A111S  

Temperature 

(
0
C) 

Time (h) 
HAc removal from MAA 

(%)±SD 

HAc removal from 

TPHL (%)±SD 

25 

1 97.94±0.65 46.26±0.34 

2 98.45±0.86 46.54±0.23 

3 98.50±0.45 46.66±0.67 

4 98.58±0.55 46.75±0.24 

35 

1 95.46±0.44 45.51±0.66 

2 97.99±0.56 45.82±0.55 

3 98.19±0.55 45.93±0.45 

4 98.25±0.45 45.98±0.54 

45 

1 92.77±0.47 44.13±0.76 

2 96.47±0.88 44.56±0.54 

3 96.50±0.78 44.76±0.32 

4 97.53±0.56 44.84±0.65 
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3.3.4 Effect of resin to adsorbate ratio on adsorption 

The adsorption of acetic acid was increased with the increase of adsorbent dose (Fig. 

3.1). The mass ratio of TPHL or MAA solution to resin was 20, 10, 5, 4 and 3.3. For 

TPHL, the maximum adsorption was 57% at the resin to TPHL ratio of 1 to 3.3. At the 

resin dose of around 1 g against 10 gm of aqueous sample, the adsorption capacity reach 

to 98% for 10g/L MAA which is 1.5 meq/g of dry resin, thereafter, a further increase in 

absorption was much less; while acetic acid adsorption was 46% from 8.17 g/L of TPHL 

which is 0.63 meq/g of dry resin only at 10:1 of aqueous to resin dose. This may be 

attributed by the presence of sugars, lignin in addition of acetic acid in TPHL, which 

may hinder acetic acid adsorption. 

 

Figure 3.1 Effect of adsorbent on the adsorption of acetic acid from the TPHL and 

MAA at 25
0
C for 1 hr 
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3.3.5 Regeneration of resin 

From an economic perspective the resin would have to be reused/ recycled. Table 3.4 

showed the amount of acetic acid was desorbed from the resin by using 4% NaOH. It 

was also found that higher alkali concentration was capable of removing more acetic 

acid from the resin, but this condition could hamper the properties of resin [27]. 

Therefore 2-4% NaOH was reasonable for this purpose. From Table 3.4 it was clear that 

desorption increased with increasing temperature. At room temperature 78% and 66% 

acetic acid of MAA and TPHL were desorbed as sodium acetate from adsorbed resins, 

respectively, which increased to 90% and 84% with increasing temperature by 20
0
C. 

The lower desorption for the TPHL was obviously due to presence of lignin and other 

dissolved organic which were also adsorbed and block the pore of resin.  
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Table 3.4 Desorption of acetic acid by 4% NaOH solution at 1: 10 ratio of resin and 

alkali solution for 1 hr at 150 rpm 

Feed 

stock  

Desorption of acetic acid from resin 

25
0
C 35

0
C 45

0
C 

% 

Desorbed 

Concentr

ation in 

filtrate 

(g/L) 

% 

Desorbed 

Concentrati

on in 

filtrate 

(g/L) 

% 

Desorbed 

Concentrat

ion in 

filtrate 

(g/L) 

MAA  78% 7.02 85% 7.65 90% 8.10 

TPHL 66% 2.64 74% 2.96 84% 3.36 

 

3.4 Conclusions 

1. The activated carbon adsorption can be used to remove the dissolved lignin in 

the prehydrolysis liquor of the kraft-based hardwood dissolving pulp production. 

The adsorption is largely dependent on the surface area and pore volume of the 

activated carbon used. 

2. The recovery of acetic acid from the treated prehydrolysis liquor (TPHL) can be 

carried out by adsorption onto amine base resin. Better adsorption was observed 

for weak base resin than the strong base resin. Resin A111S showed the best 
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adsorption of acetic acid. Acetic acid adsorption from the TPHL was lower than 

MAA due to the presence of impurities. 

3. A higher temperature negatively affected the adsorption of acetic acid onto the 

resin from the MAA or TPHL. 

4. A sodium hydroxide solution can be used to desorb acetic acid from the resin, 

which can then be reused/ recycled in the process. 
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CHAPTER 4 

ADSORPTION EQUILIBRIA, KINETICS AND 

THERMODYNAMICS OF ACETIC ACID FROM PRE-

HYDROLYSIS LIQUOR OF KRAFT BASED DISSOLVING PULP 

PRODUCTION PROCESS ONTO PUROLITE A111S RESIN 
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4.1 Introduction 

Acetic acid in the prehydrolysis liquor (PHL) of kraft based dissolving pulp production 

process is a valuable product. The presence of acetic acid was significant in the true 

PHL samples (about 25% of the total solid in the PHL) [1]. Acetic acid was generated 

from the hydrolysis of labile acetyl groups present in the hemicelluloses in the process. 

The amount of free acetic acid in the hydrolysate depends on the amounts of xylan in the 

wood and xylan converted to xylose and xylo-oligo-saccharide [2]. Other researchers 

also noted that acetic acid is an important co-product in the pre-hydrolysate of bio-mass 

[3-6]. Generally, acetic acid is considered an inhibitory agent for sugar fermentation [7, 

8]. In order to use dissolved hemicelluloses of PHL in the fermentation industry, acetic 

acid must be removed. On the other hand, acetic acid is a major commercial product and 

it has a huge use in food products, solvent, reagent etc. Acetic acid in the PHL can be a 

valuable co-product from the forest bio-refinery. Separation of acetic acid from such 

aqueous streams containing low concentrations of acid is an important problem in 

chemical process industries. Conventional liquid-liquid extraction technology was tried 

to separate acetic acid [9-11], however, this process is not a realistic for such a low acid 

concentration feedstock from economic point of view. 

Because of low acid concentration in the PHL, adsorption may be an attractive method 

for separation of acetic acid. Ion exchange resins in general, and weak base resins in 

particular, are most commonly employed for this purpose [12]. Due to its different 

functional groups and varieties of polymer matrix ion exchange resins offer flexibility 

[13]. Basicity of resin is an important factor for adsorption equilibrium because acetic 

acid forms complexes with amino group on resin [13]. Different types of resins were 



 

56 

 

reported to remove acetic acid from its dilute solution [12-14]. Among them tertiary 

amine based resin is a better choice for acetic acid rather than primary and secondary 

amine because tertiary amine is easy to regenerate and does not form amide on heating. 

The highest percentage of acid removal reported was about 98.5% with tertiary resin 

Duolite A-375 from 1% acetic acid solution [12]. In this chapter Purolite A111S, a 

macroporous weak base resin with tertiary amine group was used considering its 

selectivity, loading capacity and regeneration efficiency.   

Bhandari et al [15] showed that resins with high basicity are most suitable for acetic 

acid adsorption even at low acid concentration. Tung and King [16] reported that 

carboxylic acids (lactic and succinic acids) can be separated from water by solid 

sorbents. Solid sorbents have a good selectivity for carboxylic acids. After adsorption 

they can be easily regenerated [15]. 

In addition to acetic acid lignin and furfural in PHL inhibit the fermentation of 

hemicelluloses to value-added products, e.g. ethanol and xylitol [17, 18]. To facilitate 

the application of the lignocelluloses of PHL in the production of value-added products, 

the amounts of inhibitors in the PHL need to be minimized. It was found that furfural 

and lignin in the PHL can be successfully removed by activated carbon (AC) [6] . 

In this chapter, the PHL was first subjected to activated carbon (AC) treatment to 

remove the present lignin, the AC treated PHL was used for the adsorption of acetic acid 

onto A111S a tertiary amine based resin. Also 1% acetic acid solution was used as 

model compound of PHL and compared with the AC treated PHL. The kinetics and 

thermodynamics of acetic acid adsorption were also studied. 
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4.2 Materials and Methods 

4.2.1 Materials 

Acetic acid (purity >99%) was obtained from the Fisher Scientific Canada. Industrial 

prehydrolysis liquor (PHL) sample was collected from a kraft- based dissolving pulp 

mill in Eastern Canada. The weak base resin Purolite A111S was supplied by Purolite 

International Ltd. Purolite A111S is a macroporous weak base anion resin with tertiary 

amine functional group. Its polymer structure is based on Polystyrene- di-vinyl benzene 

matrix. These are macroporous spherical beads and used without any treatment or 

purification.  

4.2.2 Methods 

4.2.2.1 Activated carbon (AC) treatment 

The PHL was treated with powdered activated carbon (AC) at room temperature for 5 h. 

The ratio of PHL to AC was 20:1 and shaking speed was 150 rpm.  

4.2.2.2 Resin treatment 

Purolite A111S and different volume of 1% model acetic acid (MAA) solution and AC 

treated PHL (TPHL) were taken with different concentration (1-10%) for determining 

the adsorption equilibrium in a thermostatic shaker at 25
0
, 35

0
 and 45

0
C temperature and 

150 rpm for 5 hr. Kinetic experiments were identical to those of equilibrium tests at 

preset time interval and 1:10 ratio of resin and MAA solution. The activated carbon 

treated PHL (TPHL) followed the same adsorption process as MAA solution. The 

amount of adsorbate on adsorbent and in solution at equilibrium can be represented as qe 

(g/g) = (Co-Ce)V/W and Xe = Ce*V, respectively. 
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Where Co and Ce (g/L) are the acetic acid concentration at initial and equilibrium, 

respectively. V(L) is the volume of solution and W(g) is the weight of adsorbent used in 

the experiment.  

4.2.2.3  Acetic acid analysis 

The initial and equilibrium acid concentrations were determined by proton NMR [19, 

20]. A Varian 300 NMR-spectrometer was employed for determining acetic acid 

concentration as described in Appendix II.  

4.3 Results and Discussion 

4.3.1 Activated carbon treatment of PHL 

A suitable removal of lignin is desirable to use it for biorefinery accomplishment [21-

23]. It was reported in our previous work that AC treatment substantially removed lignin 

from the PHL [6], which led to more acetic acid adsorption on weak base resin. The 

properties of PHL after AC treatment are given in Table 4.1. As can be seen, after AC 

treatment, lignin in PHL decreased by 81.8%, the furfural content was removed by 60%, 

while the removal of acetic acid and sugars were much less. 
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Table 4.1 Removal of lignocellulosics from the PHL by AC treatment at 20 to 1 

ratio 

 

Component 

 

PHL 

AC treated 

PHL (TPHL) 

% Removal on 

AC treatment 

Lignin (g/L) 

Acetic acid (g/L) 

Furfural (g/L) 

Total mono-sugars (g/L) 

Total Oligo-sugars (g/L) 

10.16 

10.18 

1.48 

7.60 

43.91 

1.85 

8.17 

0.59 

7.45 

43.71 

81.80 

19.74 

60.10 

1.97 

0.45 

 

4.3.2 Resin treatment of TPHL 

4.3.2.1 Effect of resin to adsorbate ratio on adsorption 

Adsorbent to adsorbate ratio has an impact on the adsorption efficiency. It is seen from 

Fig.4.1 that adsorption of acetic acid was increased with the increase of adsorbent dose. 

The mass ratio of solution to resin was 20:1, 10:1, 5:1, 4:1 and 3.3:1. For TPHL, the 

maximum adsorption was 57% at the resin to TPHL ratio of 3.3. At 10:1 of aqueous to 

resin dose, the adsorption capacity reached to 98% for 1% MAA which was 1.5 meq/g 

of dry resin, and thereafter, absorption becomes slower; while acetic acid adsorption was 

46% from 8.17 g/L of TPHL which was 0.63 meq/g of dry resin only at 10:1 of aqueous 

to resin dose. The experimental adsorption capacity for the MAA sample was close to 

the original total capacity of A111S according to the manufacturer, which is 1.7 meq/g 
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of dry resin. The lower recovery from TPHL may be attributed by the presence of 

sugars, lignin in addition of acetic acid in TPHL, which may hinder acetic acid 

adsorption. 

 

Figure 4.1 Effect of adsorbent amount on the removal of acetic acid from the 

TPHL and 1% model acetic acid solution at 25
0
C 

4.3.2.2 Adsorption isotherm 

The most common representation of the absorbate equilibrium concentration in liquid 

phase (Ce) and quantity of materials adsorbed (Qe) is the absorption isotherm. Fig.4.2 

shows the amount of acetic acid adsorbed on the resin at different temperature as a 

function of the equilibrium acetic acid concentration in MAA and the TPHL filtrates. It 

is clearly seen that the adsorption of acetic acid occurs in two phases, fast and slow. The 

L-type isotherms with convex curves upward in MAA represent favourable type of 
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isotherms, while for TPHL sample adsorption reached to two levels of plateaus. There 

are many theories to describe the model of adsorption process with varying degrees of 

complexity and adsorption phenomenon. The widely used isotherm models are 

Langmuir and Freundlich models: 

Langmuir model:    Ce/Qe = Ce/M + 1/(MKL) ………………………… (4.1) 

Freundlich model:   logQe = logKf  + (1/n)logCe   …………………………. (4.2) 

Where M, KL, Kf  and n are characteristics constants. The Langmuir M (mg/g) is the 

maximum amount per weight of adsorbent to form a complete monolayer on the surface 

bound, and KL (L/g) is an affinity related constant of the bonding sites. The Freundlich 

constant Kf (L/mg) is the adsorption capacity of resin and the exponent n 

(dimensionless) denotes the heterogeneity of the surface and the intensity of adsorption 

[24, 25], which according to Kumar et al [26], depends on the nature and strength of the 

adsorption process and the higher the value, the greater the affinity between adsorbate 

and adsorbent. It is clear from Fig. 4.2 that the adsorption did not follow monolayer and 

there was not any plateau like Langmuir adsorption isotherm. Afterwards, putting these 

values in linear model we found from Fig 4.2 (c) that the isotherm fitted well with 

Freundlich model (R
2 

= 0.995-0.9985) for both MAA and TPHL. 

It can also be seen from the adsorption isotherm of Fig. 4.2 (a,b) that the adsorption 

capacity decreases with increasing temperature. At equilibrium, adsorption of acetic acid 

from 1% MAA was almost 94 mg/g at 25
0
C, which decreased to 88 mg/g at 35

0
C at 1: 

10 of resin and MAA ratio. Similarly, Usla et al [14] also observed that the adsorption 

capacity of acetic acid on gel type polyacrylic resin decreased with the increase of 

temperature. According to Usla et al [14] the acetic acid recovery was 200 mg/g from 
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10% acetic acid (HAc) solution at 25
0
C while our results are close to 94 mg/g at the 

resin to aqueous solution ratio of 1 to 10 for MAA. At equilibrium, adsorption of acetic 

acid from TPHL sample was 38.23 mg/g for TPHL sample at 25
0
C at the same ratio. 

Lower adsorption of acetic acid from TPHL sample can be explained by the presence of 

sugars, lignin, which may hinder acetic acid adsorption.  
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(c) 

Figure 4.2 Adsorption isotherm of acetic acid onto resin Purolite A111 at 150 rpm 

and 1 hr for a. MAA, b. TPHL and c. Linear model of Freundlich equation at 25
0
C 

for MAA and TPHL 
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4.3.2.3 Adsorption rate 

Predicting the adsorption rate is a very important factor to design an adsorber. 

Moreover, the adsorbate residence time and the reactor dimension can be directly 

dependent on the system’s kinetics [27]. The adsorption rate of acetic acid from MAA 

and TPHL samples on resin was measured and shown in Fig.4.3. The adsorption appears 

to be practically complete within 20 min for the MAA while for TPHL, the adsorption 

was increased with the increase of time up to 75 min, no adsorption increase was 

observed with the further increase of time. This is due to the fact that a large number of 

vacant spaces are available for adsorption at the initial stage of adsorption, which would 

be rapidly consumed as the process continued. [28]. It can also be explained by the work 

of Giles [29] that it becomes difficult for solute molecules to adsorb on the available 

empty vacant sites as initially available sites have been already occupied. 

 

Figure 4.3 Effect of time on the acetic acid loading onto weak base resin Purolite 

A111S at 25
0
C at 1:10 ratio, 150 rpm and 4 hr 
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Various models can be used to analyze the kinetics of sorption process. A rate equation 

for the sorption of solutes from a liquid solution was expressed in different literature 

[30-33]. The general pseudo-first-order rate equation is 

dq/dt =k1(qA-q)------------------------------(4.3) 

Integrating Eq. (1) for the boundary conditions t=0 to t = t and q=0 to q = q gives 

ln(
    

  
) = k1t------------------------------(4.4) 

where, q and qA are the grams of acetic acid absorbed per gram of Purolite A111S at any 

time and at equilibrium, respectively, and k1 is the rate constant of first-order sorption. 

The pseudo-first-order equation was used extensively to describe the sorption kinetics 

[30, 31]. Table 4.2 shows the adsorption kinetics of acetic acid from MAA and TPHL 

samples on Purolite A111S at 25, 35 and 45
0
C. The regression coefficient was high (R

2
= 

0.91-0.95), however, not very high.  

Another model for the analysis of sorption kinetics is pseudo second-order. The rate law 

for this system is expressed as 

dq/dt = k2(qA-q)
2
------------------------------- (4.5) 

Integrating Eq. (3), for the boundary conditions t=0 to t = t and q=0 to q = q, gives 

 

    
 =
 

  
 + k2t----------------------------------- (4.6) 

Where, k2 is the pseudo-second-order rate constant of sorption. Eq.(4) can be rearranged 

to obtain a linear form. 

 

 
 = 

 

     
  

 

  
 ---------------------------------- (4.7) 

The plot of t/q versus t gives a straight line with slope of 1/qA and intercept of 1/(k2qA
2
). 

So the gram of acetic acid per gram of Purolite A111S at equilibrium (qA) and 
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adsorption rate constant (k2) could be evaluated from the slope and intercept, 

respectively. The pseudo second-order model was applied for the analysis of adsorption 

kinetics from liquid solutions by others [34]. The kinetics data of formic acid adsorption 

onto weakly basic resin also showed pseudo second order [32]. The values of qA and k2 

were obtained from the slopes and intercepts of plots in Fig. 4.4. These constants and 

also the correlation coefficients were listed in Table 4.2. As it can be seen from the table 

that the 2
nd

 order kinetics model was fitted to these experimental results very well 

considering the regression (R
2
= 0.98-0.999) and adsorption capacity. The adsorption 

capacity at equilibrium (qe) decreased with increasing temperature. 

Table 4.2 The constant values of pseudo first and second order kinetic models for 

the adsorption of acetic acid onto weak base resin Purolite A111S 

Adsorbate 

Temp 

(K) 

Pseudo first order kinetic 

model 

Pseudo second order kinetic 

model 

E 

qe (g/g) k1 (min
-1

) r
2
 qe (g/g) 

k2 

(g/g.min) 

r
2
 

 

(kJ/mol) 

MAA 

 

298 

308 

318 

 

0.038 

0.044 

0.046 

 

0.0136 

0.0138 

0.0131 

 

0.935 

0.9409 

0.9148 

 

0.083 

0.078 

0.072 

 

12.21 

9.611 

8.528 

 

0.9988 

0.9984 

0.9987 

 

 

14.17 

 

TPHL 

 

298 

308 

318 

 

0.026 

0.024 

0.021 

 

0.0188 

0.0119 

0.0093 

 

0.9239 

0.9520 

0.9492 

 

0.043 

0.041 

0.038 

 

2.004 

1.889 

1.817 

 

0.9819 

0.9895 

0.9810 

 

 

3.8 
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4.3.2.4 Activation Energy (Ea) 

Activation energy is an important parameter in a thermodynamic study as it determines 

the temperature dependence of the reaction rate. The activation energy (Ea) can be 

determined from experimental measurements of the adsorption rate constant at different 

temperatures according to the Arrhenius equation as follows: 

lnk2 = lnA - Ea/RT----------------------------- (4.8) 

where, k2 is the adsorption rate constant, A is a constant called the frequency factor, Ea 

is the activation energy (kJ.mol
-1

), R is the gas constant (8.314 J.mol
-1

K
-1

) and T is the 

temperature in K. By plotting lnk2 versus 1/T (Fig.4.4) and from the slope and the 

intercept, values of Ea and A can be obtained respectively. The apparent activation 

energy of adsorption of acetic acid is shown in Table 4.2. It is seen from Table 4.2 that 

the adsorption rate constant (k2) decreased with temperature. With increasing 

temperature the solubility of adsorbate also increases. As a result, the interaction force 

between adsorbate and solvent becomes stronger than between adsorbate-adsorbent, and 

then it is more difficult for adsorbate to adsorb at higher temperature [33]. The apparent 

activation energy of acetic acid adsorption from MAA and TPHL samples were 14.17 

and 3.8 kJ/mol, respectively. The magnitude of activation energy may give an idea about 

the type of adsorption: either physical or chemical adsorption. Usually physical 

adsorption is rapid and reversible because the energy requirement is less (not more than 

4.2 kJ/mol) [33]. It was found from our system that adsorption of acetic acid from TPHL 

was physisorption and from MAA was Chemisorptions (Table 4.2). It was clear that in 

1% model solution there was no other chemical, therefore acetic acid directly made 
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hydrogen bond with tertiary amine by means of chemical interaction. On the other hand, 

acetic acid in TPHL had to compete with lignin, furfural, sugar to adsorb on the surface 

and had less chance to interact with resin functional group, and hence, the deposition 

ended up as physical adsorption.  

 

Figure 4.4 Plot of lnk2 Verses 1/T 

4.3.2.5 Thermodynamic parameters 

The thermodynamic parameters, such as thermodynamic equilibrium constant (K0), are 

also related to temperature. The K0 can be obtained by plotting ln(Cs/Ce) verses CS and 

extrapolating to zero Cs as suggested by Khan and Singh [34]. The value of enthalpy 

(ΔH
0
), entropy (ΔS

0
) and free energy of adsorption (ΔG

0
) were calculated by the 

following equations: 

ΔG
0
= -RTlnK0---------------------------------(4.9) 

0 

0.5 

1 

1.5 

2 

2.5 

3 

0.00308 0.00315 0.00322 0.00329 0.00336 0.00343 

ln
K

2 

1/T 

1% AA 

▪ TPHL 
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lnK0 = 
Δ  

 
 - 

Δ  

  
----------------------------------(4.10) 

The calculated data are given in Table 4.3. The negative value of ΔG0 (Table 4.3) 

indicates that the adsorption occurs spontaneously at a given temperature, which is also 

consistent with the kinetic data. The negative ΔSo values suggest the decrease of degree 

of randomness at the solid–liquid interface, indicating the increase in adsorbate 

concentration onto the solid phase [35].The negative entropy change indicated a greater 

order of chemical interaction during adsorption [36]. 

Table 4.3 Thermodynamic parameters of acetic acid adsorption onto weak base 

resin Purolite A111S 

Sample Temperature 

(K) 

S (J/mol.K ) H (kJ/mol) G (kJ/mol) 

MAA 298 

308 

318 

-0.10 -36.87 -7.9881 

-6.1306 

-5.1719 

 

4.4 Conclusions 

Adsorption of acetic acid from the MAA and TPHL onto weak base resin Purolite 

A111S was studied. The present investigation shows that basic resin is an effective 

adsorbent for the separation of acetic acid from the MAA and TPHL. Acetic acid 

adsorption decreased with temperature in both. At equilibrium, adsorption of acetic acid 

was 93 mg/g for MAA sample and 38.23 mg/g for TPHL at 25
0
C. To reach this 

equilibrium, TPHL sample needs longer time than the MAA. The 2
nd

 order kinetics 
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model was better in fitting the experimental data of the HAc adsorption than the first 

order kinetics. Thermodynamic parameters indicate that the adsorption process followed 

Freundlich isotherm and was spontaneous and exothermic in nature. 
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CHAPTER 5 

RECOVERY OF ACETIC ACID FROM PRE-HYDROLYSIS 

LIQUOR OF THE KRAFT BASED DISSOLVING PULP 

PRODUCTION PROCESS BY REACTIVE EXTRACTION WITH 

TRI-OCTYLAMINE (TOA) AND OCTANOL 
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5.1 Introduction 

Acetic acid is an important raw materials for many other value-added products like 

terephthalic acid, vinyl acetate monomer, acetic anhydride, esters, monochloroacetic 

acid in the chemical, pharmaceutical, food processing and textile industries. The 

prehydrolysis liquor (PHL) from the Kraft based dissolving pulp process contains 

around 10.11g/L acetic acid, and can be a notable source of this carboxylic acid [1]. The 

main purpose of prehydrolysis is to remove hemicellulose prior to pulping for producing 

dissolving pulp. These hemicelluloses are partially bounded by acetyl groups (around 

5% of total wood constituents) which are converted to acetic acid under high 

temperature and pressure in presence of steam/water during the prehydrolysis process 

[2]. These hemicelluloses (5.03%) in PHL may be converted to ethanol by fermentation 

[1] or other products such as furfural. But the presence of acetic acid inhibits fermenting 

microorganism and may severely decrease the ethanol production [3]. So the separation 

of acetic acid along with furfural, lignin from PHL is a crucial recovery stage to utilize 

these valuable chemicals as well as reduce the inhibitor load to the production of 

ethanol.  

Different methods were used to separate acetic acid from different process streams, such 

as resin treatment, adsorption process, liquid-liquid extraction, membrane separation are 

most common of them. The present work was focusing on reactive extraction 

considering selectivity and efficiency. In the conventional liquid-liquid extraction, 

carboxylic acid extraction in the organic phase is low, which make the process 

unsuitable [4]. Activated carbons and polymeric resins with functional groups were also 

javascript:;
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used in the recovery of acetic acid. In spite of their effectiveness they were not followed 

due to their limited sorption capacity [5].  

On the other hand, the reactive extraction is advantageous in comparison with 

conventional methods and it is a separation process where extractants react with 

materials to be extracted and form complexes that are solubilized in the organic phase. 

To recover acetic acid, the extractants may be (1) conventional oxygen-bearing 

hydrocarbon, (2) phosphine oxide based hydrocarbons and (3) high molecular weight 

aliphatic amines [6]. Among them aliphatic amines have large distribution coefficients, 

more effective and less expensive than phosphine oxide based hydrocarbons such as 

TOPO (tri-octyl phosphine oxide) [7-9]. Primary amines were not used due to its high 

solubility in water and secondary amines have a tendency to form amide during 

regeneration by distillation [6, 8].  

However, the extractability also depends on the polarity of diluent. Hong et al [10] 

found that the extraction power of tertiary amine increased in an active diluent like 

octanol but decreased in an inactive diluent such as heptane. Active diluent which has 

polar functional group can interact strongly with the acid-amine complex [9]. Katikaneni 

et a.l [11] has reported that without diluents, Alamine 336 (C8 –C10) had extraction 

efficiency 36%, while with octanol it was 75%. Similarly diluent octanol itself removed 

only 33% of acetic acid [12]. So TOA was used with octanol to increase the overall 

extraction efficiency. Tertiary amine like TOA or Alamine 336 has higher extraction 

efficiency compare to TOPO (85% vs 72%), lower price and availability [11]. Other 

amines such as Alamine-304, Aliquat-336, Amberlite LA-2 had found extraction ability 

lower than 55%. The protic polar diluent Octanol was selected depending on its polarity 
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and relative basicity. It is known that increasing the chain length of alcohol decreases 

the polarity and the solubility in water. Considering these aspects, octanol was chosen as 

it has a higher dielectric constant than decanol (10.3 vs 8.1) [13]. It was reported that, 

relative basicity pKa,BS is higher for TOA-acid system in octanol than methyl iso-butyl 

ketone (MIBK) which was 3.5 vs 2.89 [14] and available hydrogen for making hydrogen 

bond to the acid amine complex to stabilize it in organic phase [15].  

Considering these reasons this chapter focused on using trioctyl amine (TOA) with 

diluent octanol-1 for recovering acetic acid from the model acetic acid (MAA), pre-

hydrolysis liquor (PHL) and treated pre-hydrolysis liquor (TPHL). To observe the 

influence of furfural, sugar and lignin present in the PHL, model compounds of these 

chemicals were also prepared and subjected to extraction with and without model acetic 

acid by TOA-octanol system. 

5.2 Materials and Methods 

5.2.1 Materials 

Acetic acid (purity >99%) was obtained from the Fisher Scientific Canada. Industrial 

Pre-hydrolysis liquor (PHL) sample was collected from the bottom of digester (draining 

the whole digester after depressurizing) at the dissolving pulp mill in Eastern Canada. 

Extractant TOA (98%) and diluent Octanol (99.99%) were obtained from Aldrich 

Chemical Co. and Fisher Scientific, respectively.  

5.2.2 Methods 

5.2.2.1 Activated Carbon (AC) Treatment 

The PHL was treated with powdered activated carbon (AC) at room temperature for 5 h. 

The ratio of PHL to AC was 20:1 and shaking speed was 150 rpm. AC treatment 
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removed most of the lignin and furfural present in the PHL [16], which hinders recovery 

of extractants. Adsorbed lignin can be used in generating heat and for the production of 

platform biochemicals or biomaterials. 

5.2.2.2 Extraction Methods 

Equal weight of an organic solvent (different ratio mixture of amine and octanol) and an 

aqueous solution of 1% acetic acid model or PHL or TPHL were charged in Erlenmeyer 

flasks separately. These are then stirred by magnetic bar at 500 rpm for 30 minutes at 

25
0
C, followed by centrifuging at 3000 rpm for about 5 minutes to separate the two 

phases.  

5.2.2.3 Acetic Acid and Furfural Analysis 

The initial and equilibrium acid concentrations were determined by proton NMR [17, 

18]. A Varian 300 NMR-spectrometer was employed for determining acetic acid and 

furfural concentration as described in Appendix II.  

5.2.2.4 Lignin Analysis 

The lignin contents of the original PHL and TPHL were measured based on the UV/vis 

spectrometric method at a wavelength of 205 nm (Tappi UM 250) [19]. 

5.2.2.5 Sugar Analysis 

The sugar contents in the pre-hydrolysis liquor and the raffinate were determined by 

using an Ion Chromatography [20] with a Pulse Amperometric Detector and 

CarboPac
TM

 PA1 column (Dionex-300, Dionex Corporation, Canada) as described in 

Appendix I. 
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5.3 Results and Discussion 

5.3.1 Effect of Amine Concentration 

Table 5.1 illustrates the influence of amine to acid stoichiometric ratio on the extraction 

of acetic acid from the model acetic acid solution. The results presented in Table 5.1 are 

in terms of distribution coefficient (KD), extraction efficiency, and overall loading 

factor.  

The reactive liquid-liquid extraction of acetic acid (HA) with TOA (B) gives a reaction 

complex (BHA) which remains in organic phase and may be represented by: 

HAaq+Borg  = BHAorg  ----------------------------------  (5. 1) 

The distribution coefficient, KD, is defined as the ratio of organic acid in the two phases 

by [21]: 

KD = [HA]org/[HA]aq ------------------------------------  (5. 2) 

Table 5.1 Effect of TOA concentration on extraction of 1% MAA (organic to 

aqueous phase weight ratio is 1) 

Amine to acetic 

acid molar ratio 

Recovery of 

acetic acid (%) 

Overall Loading 

factor, 

[acid]org/[amine]org 

Distribution co-

efficient, KD 

[acid]org/[acid]aq 

3.0 to 1 

1.5 to 1 

1.0 to 1 

0.75 to 1 

0.5 to 1 

0.25 to 1 

0.1 to 1 

92.31±0.34 

86.20±0.78 

80.48±0.97 

74.14±0.15 

67.30±0.67 

50.51±0.78 

44.03±0.88 

0.32 

0.60 

0.84 

1.03 

1.41 

2.07 

4.20 

12.0 

6.22 

4.12 

2.86 

2.06 

1.02 

0.79 
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Table 5.1 shows that the distribution coefficient, KD value increased with increasing 

stoichiometric ratio and this shows shifting of acetic acid to organic phase from the 

aqueous phase. At the stoichiometric ratio of 1, the KD value was 4, where extraction of 

acetic acid was around 80%. The highest extraction of acetic acid (92%) was achieved at 

the molar ratio of 3, when KD value was 12. Obviously, more base in solution can 

separate more acid, which is also supported by other results [22]. Diluents has an 

influence on the formation of acid-amine complexes, and therefore on the values of the 

distribution coefficient. The formation of an acid-amine complex is promoted by the 

dipole-dipole interactions between diluent and complex; and/or by the complex-diluent 

hydrogen bond [23]. Koparan et al [24] studied on the citric acid extraction by tertiary 

amine, Hostarex A327 and Alamine 336; using equal volumes of organic and aqueous 

phase, and found that the maximum distribution coefficients 7.07 and 6.65 were 

obtained when n-butanol was used as diluents. 

It was observed that the loading ratio increased with decreasing amine concentration. 

But the total extraction of acetic acid is decreased with the decrease of TOA 

concentration. It was also noticeable that the value of the loading factor was more than 1 

when the amine is less than acetic acid in stoichiometric ratio, which was referred as 

overloading [9]. The same trend was also observed by Reisinger et al [25] in extraction 

of acetic acid with Amberlite LA-2 (a secondary amine) where overloading was 

sustained for lower stoichiometric amine concentration. A higher loading factor at <1 

stoichiometric ratio can be explained by the formation of acetic acid dimer as shown in 

Fig. 5.1. It is also clear from Fig. 5.1 that the hydrogen bonding of a second acetic acid 

molecule to the carbonyl oxygen of the first molecule [26] enhances the overloading. 
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This acid-amine complex is stabilized by the hydrogen bond with diluents as mentioned 

earlier in discussion. When amine was added into acetic acid solution, acetic acid dimer 

was likely to be extracted more than the monomer. Because solvation free energy of 

acetic acid dimer (-43.6 kJ/mol) is higher than acetic acid monomer (-0.9 kJ/mol) in 

octanol [27]. For that reason when 0.1 mole of amine added against 1 mole acetic acid 

only 44% of acid was removed but the overall loading factor was 4.20 So it can be said 

that amine is more susceptible to form bond with dimer rather than monomer and this is 

the main reason of overloading of acetic acid even in low stoichiometric ratio. In this 

consequence it should be mentioned that optimum amine concentration is necessary for 

an effective removal of acid. 

 

 

Figure 5.1 Complex formation due to over loading; I (2, 1) acetic acid/amine 

complex and II (3, 1) acetic acid/amine complex, respectively [28] 

5.3.2 Effect of Phase Ratio on Acetic Acid Extraction 

The effect of amount of organic phase on the extraction of acetic acid from MAA 

solution is shown in Table 5.2. Mole ratio of TOA to acetic acid was fixed to 1, but the 
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amount of octanol was varied to make the organic phase to aqueous phase from 0.5 to 2. 

It was found that increasing organic phase improved acetic acid extraction and helped to 

increase distribution coefficient, KD. Acetic acid extraction from MAA was increased 

from 72 to 84% with increasing organic to aqueous ratio from 0.5 to 2.0, as a result 

increased distribution coefficient from 2.57 to 5.4. This result indicates that the excess 

acetic acid was extracted by synergistic effect of more octanol with TOA. It can also be 

explained by the increasing solubility of acetic acid-amine complex in the organic phase 

[30]. Similar results were observed by Choudhury et al [29] who found the extraction 

efficiency was improved when octanol and paraffin liquid was used as diluents in their 

extraction system. It was found from Grzenia’s report [27] that acetic acid dimer 

molecule have higher value of solvation free energy than acetic acid monomer in 

octanol, which accelerated dissolution of acetic acid dimer in organic phase. Therefore, 

more octanol amount can extract more acetic acid from aqueous solution.   

Table 5.2 Phase ratio effect on acetic acid removal (amine to acid mole ratio 1) 

 

 

 

 

5.3.3 Kinetics Study 

Kinetic study of acetic acid extraction from MAA was carried out at the mole ratio of 

amine to acid 1 and organic to aqueous mass ratio, 1. It was found that about 75% of the 

 

Organic to 

MAA ratio 

Recovery (%) 

Distribution co-

efficient  

[acid]org/[acid]aq 

2 to 1 84.44±0.78 5.43 

1 to 1 80.48±0.88 3.71 

0.5 to 1 72.02±0.45 2.57 
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acetic acid was removed within 3 minutes which indicates that the extraction rate was 

fast and the affinity was high. It almost equilibrated around 30 minutes where 80.50% 

acetic acid shifted to organic phase. Similar reaction kinetics was also observed for citric 

acid extraction by tertiary amine [24]. This fast reaction can be explained by the acid-

base reaction during extraction process. 

` 

Figure 5.2 Distribution co-efficient of acetic acid with time at the same volume 

ratio of one stoichiometric mole ratio of amine and acetic acid at 500 rpm at 25
0
C 

5.3.4 Extraction of Acetic Acid from PHL and TPHL 

From Fig. 5.3 it is observed that distribution coefficient of acetic acid is much lower in 

PHL and TPHL than 1% MAA. At the stoichiometric ratio of 1, the KD value was 1.62, 

which was equivalent to 61.85% extraction from PHL (Table 5.3). Activated carbon 

treated PHL (TPHL) removed 80% of lignin, 90% of furfural, consequently slightly 

increased the distribution coefficient, KD to 1.74, which was equivalent to 63.53% of 

acetic acid extraction. The lower extraction of acetic acid from the PHL and TPHL may 

be due to the presence of furfural, lignin and other minor impurities like hydroxymethyl 
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furfural (HMF), formic acid, levulinic acid in PHL and TPHL. The extraction of 

furfural, HMF, lignin, formic acid and levulinic acid were reported by Grzenia et al 

[30], where TOA and octanol used with polypropylene membrane to detoxified dilute 

sulfuric acid treated corn stover hydrolysate. To overcome this fact the impurities must 

be removed prior to extraction as much as possible; sometimes combination of different 

diluents can be used to enhance distribution coefficient, increasing amine concentration 

up to a certain amount also help to increase extraction [31]. Another possible reason of 

less extraction of acetic acid from PHL than the MAA is pH of the liquor. It is found 

that distribution coefficients decreased with increasing the value of pH and decreasing 

the concentration of TOA [32]. The undissociated form of acetic acid increased with 

decreasing the pH of the solution. At pH values below the pKa (4.76) of acetic acid, the 

protonated/undissociated form of acetic acid is removed by forming an ion pair with 

amine [15]. Extraction of acetic acid decrease rapidly as the pH of solution approaches 

the pKa because the anionic form is much better solvated with water than octanol. This 

hypothesis was further verified by decreasing pH value of PHL and TPHL by acetic 

acid, and total acetic acid concentration was considered in calculating acetic acid 

extraction. The recovery of acetic acid was increased by 3.82% and 6.68% for PHL and 

TPHL, respectively with decreasing pH value to 2.6 (Fig. 5.4). From the above 

discussion, it may be concluded that the extraction efficiency of acetic acid from PHL 

and TPHL was lower than the MAA because comparatively higher value of pH of PHL 

and TPHL (4.25 vs 2.62) and other impurities which may compete with acetic acid for 

the binding sites of organic phase. 



 

86 

 

The acetic acid can be back-extracted by temperature swing [33, 34], diluent swing, pH 

swing [35], distillation, volatile tertiary amine, such as trimethylamine and regenerated 

solvent. Regeneration of amine-carboxylic acid extracts can also be achieved by back-

extraction of the acid into an aqueous solution of a strong base such as NaOH which 

sometime referred as pH swing regeneration. 

 

Figure 5.3 Variation of acetic acid extraction from PHL, TPHL and 1% MAA with 

stoichiometric mole ratio of amine and acetic acid at equal mass of two phase 

extraction 
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Figure 5.4 Effect of pH on the extraction of acetic acid from the PHL and TPHL 

Table  5.3 Effect of TOA concentration on extraction of acetic acid from PHL and 

TPHL (organic to aqueous ratio 1) 

Sample Amine to 

acetic acid 

Recovery 
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Sample Amine to 

acetic acid 

Recovery 

(%)±SD 

Overall Loading 

factor, 

[acid]org/[amine]org 

Distribution ratio 

[acid]org/[acid]aq 

TPHL 

 

 

1.5 to 1 

1.0 to 1 

0.5 to 1 

67.54±1.55 

63.53±4.55 

55.69±1.76 

0.47 

0.66 

1.16 

2.08 

1.74 

1.26 

 

5.3.5 Model Solution 

To investigate the effect of xylose, xylan, lignin and furfural on the extraction of acetic 

acid in TOA-octanol system, model experiments were carried out and data presented in 

Table 5.4. The model solutions were prepared based on the amount of each component 

present in the PHL with and without 1% acetic acid in distilled water.  

A significant amount of furfural (71%) was extracted by TOA-Octanol system (Table 

5.4). Almost similar amount of furfural was also extracted, when acetic acid-furfural 

model was subjected to extraction, 91% syringyldehyde was also extracted from model 

solution, which has the similar removal by non-reactive mechanism with octanol [30]. 

This implies that lignin and furfural were removed by only octanol.  Addition of furfural 

and lignin in the model acetic acid did not change the amount of acetic acid extraction 

by TOA-Octanol system (Table 5.4), which indicates that the lignin and furfural did not 

hamper the acetic acid extraction from PHL. The important finding of our experiment 

was few removal of mono-sugar which was same as the result in membrane extraction 



 

89 

 

system [28]. It can be said that lignin, furfural or sugar present in the PHL did not hinder 

acetic acid extraction, which does not comply with our previous hypothesis. May be the 

possible reason of lower extraction of acetic acid from the PHL is pH. So it can be 

concluded that reactive extraction is more specific and efficient towards acetic acid due 

to the presence of basic amine in polar octanol.  

Table 5.4 Removal of different components from different model solution by TOA-

Octanol 

Sample Removal (%) 

Acetic 

acid 

Furfural Lignin Sugar 

Only furfural - 71.13±0.44  - 

Only Syringyldehyde - - 91.25±0.68  

Furfural+Acetic acid 81.20±0.45 69.04±0.67 - - 

Syringyldehyde+Acetic acid 80.87±0.95  92.92±0.98 - 

Acetic acid + Furfural + 

Syringyldehyde 

80.11±0.98 63.84±0.1.25 92.97±1.34 - 

Acetic acid+ Xylose 79.89±0.78   3.50±2.15 

 

5.4 Conclusions 

Reactive extraction with TOA and Octanol is an attractive method to recover acetic acid 

from the industrial prehydrolysis liquor (PHL). The effect of other components present 

in the PHL, such as furfural, lignin, sugar, on the acetic acid recovery, was 
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systematically studied by using model compounds of acetic acid, furfural, 

syringyldehyde and xylose. In addition, extraction was also applied to activated carbon 

treated PHL (TPHL), so that this step can be integrated after activated carbon adsorption 

process to facilitate the recovery of value added chemicals from pulping downstream. 

The results showed that only 6% (equal mole ratio of acid and amine) of TOA in 

Octanol can recover 80.48%, 61.85% and 63.53% of acetic acid from MAA, PHL and 

TPHL, respectively. The distribution coefficient was increased and loading factor was 

decreased with increasing amine to acid mole ratio. The acetic acid extraction in TOA-

octanol system was very fast. From model experiment, it was found that lignin, furfural 

or sugar present in the PHL slightly hamper acetic acid recovery. The amount of 

diluents also has a marginal effect on the extraction of acetic acid. The lignin, furfural 

and a small amount of mono- sugar present in PHL were extracted by octanol itself in 

the TOA-Octanol system. The pH was partially responsible for the lower recovery of 

acetic acid from PHL than MAA. 
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CHAPTER 6 

RECOVERY OF ACETIC ACID FROM THE PRE-HYDROLYSIS 

LIQUOR OF KRAFT BASED DISSOLVING PULP PRODUCTION 

PROCESS: SODIUM HYDROXIDE BACK EXTRACTION FROM 

THE TRI-OCTYLAMINE/ OCTANOL SYSTEM 
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6.1 Introduction 

In the dissolving pulp production process, prehydrolysis is carried out prior to kraft 

pulping to remove hemicelulose from the lignocelluloses. During the prehydrolysis 

process acetic acid is generated from the acetyl group of hemicelluloses, which is 

particularly true if the feed stock is hardwood [1]. A typical prehydrolysis liquor (PHL) 

contains about 1% of acetic acid, together with others, including hemicellulose, lignin, 

and furfural [2, 3].   

Acetic acid is an important industrial commodity chemical with a total global production 

of 6.94 million tons in 2009 [4]. The largest use of acetic acid is as a feedstock for the 

manufacture of vinyl acetate monomer (VAM), terephthalic acid (TPA)/ polyethylene 

terephthalate (PET). Presently, acetic acid is mainly produced through methanol 

carbonylation using non-renewable feedstock. Therefore, the recovery of acetic acid 

from the PHL certainly will be a valuable co-product by following the forest biorefinery 

concept, and open an opportunity for producing acetic acid from renewable resources.  

There may be a number of HAc separation/ recovery techniques from PHL, including: 

liquid-liquid extraction, ultra filtration, reverses osmosis, direct distillation, anion 

exchange, crystallization, adsorption [5-8].  Among them, reactive extraction may be 

one of the most favorable ones. Reactive extraction with a specified extractant giving a 

higher distribution coefficient than the conventional extraction and thus has been studied 

as a promising technique for the recovery of carboxylic acid [9-11]. Tertiary amines or 

phosphine oxides are good reactive extraction solvents. 
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Advantages of reactive extraction are low water miscibility in the system; high degree of 

phase separation and high boiling point of extractant [5]. There are also available 

regeneration processes to recycle the extractant without hampering the extraction 

efficiency, which significantly decrease the overall operation cost of the process. 

Different regeneration methods have been reported, such as back extraction, diluent 

swing, pH swing, distillation. Among them, the back extraction is very attractive. A 

process, for recovery of citric acid from fermentation solution, used a solvent composed 

of a tertiary amine extractant in a hydrocarbon diluent with an alcohol modifier was 

reported, and the subsequent regeneration was done by back-extraction into water at a 

higher temperature [12, 13].  

An approach for regeneration and product recovery from acid-amine complex was 

studied by Poole and King et al. [14]. The carboxylic acid was back-extracted with a 

water-soluble, volatile tertiary amine, such as trimethylamine (TMA). The resulting 

TMA carboxylate solution could be concentrated and thermally decomposed, yielding 

the product acid and the volatile amine for recycle. But this system needs liquid nitrogen 

for condensing TMA, which makes the process energy intensive. 

In the back-extraction of acetic acid/ TOA complexes (in an organic phase), a strong 

base such  as NaOH, is used to back extract sodium acetate in the aqueous phase, and  

regenerate  TOA- octanol, in the organic phase and can be reused.  

Another approach was done by Grzenia et al. [15] with NaOH and ethanol to regenerate 

acetic acid from Alamine 336 and Octanol organic phase. The presence of ethanol leads 

to the formation of ethyl ethanoate (ethyl acetate) and excess NaOH extracted sulfuric 

acid in the aqueous phase.  They also found that 97% acetic acid was back extracted 
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from organic phase. Another study found that the extractant N7301 can be regenerated by 

2% NaOH solution and reused 7 times without decreasing extraction and stripping rate 

[16]. In addition, 100% fumaric acid was also recovered by this stripping process [16]. 

Therefore, the main objective in this chapter was to back extract acetic acid from the 

acetic acid/ TOA-octanol complexes using sodium hydroxide and recycle the solvent to 

the system. A model 1% of acetic acid (MAA) system, prehydrolysis liquor (PHL) and 

treated prehydrolysis liquor (TPHL) were used as feed stock solution.  

6.2 Materials and Methods 

6.2.1 Materials 

Acetic acid (purity >99%) and sodium hydroxide (NaOH) were obtained from Fisher 

Scientific Canada. The Pre-hydrolysis liquor (PHL) sample was collected from a 

dissolving pulp mill located in Eastern Canada. The mill used a mixture of maple (70% 

wt.), poplar (20% wt.), and birch (10% wt.) as raw materials. Extractant Tri-octyl amine 

(98%) and diluent octanol (99.99%) were obtained from Aldrich Chemical Co. and 

Fisher Scientific, respectively. Wood based powdered activated carbon (CR325W-Ultra) 

was purchased from Carbon Resources.  

6.2.2 Methods 

6.2.2.1 Activated Carbon (AC) Treatment 

The PHL and powdered activated carbon (AC) were mixed at the ratio of 20:1 and 

shaken at the speed of 150 rpm at room temperature for 5 h. Then the treated PHL 

(TPHL) was collected after filtration through 0.45 micron membrane.  
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6.2.2.2 Extraction and Regeneration Methods 

Equal weight of an organic solvent and an aqueous solution of 1% model acetic acid 

(MAA) or PHL or TPHL were charged in Erlenmeyer flasks separately. Organic solvent 

was a mixture of amine and diluents in which TOA was calculated based on the equal 

mole ratio to acid in aqueous phase and the rest of the weight of organic phase adjusted 

by octanol. These were then stirred by magnetic bar at 500 rpm for 30 minutes at 25
0
C, 

followed by centrifuging at 3000 rpm for about 5 minutes to separate the two phases. 

Afterwards, back extraction was done adding different mole ratio of NaOH solution to 

the organic extracted solvent at various weight phase ratio following same stirring 

speed, time, temp, centrifuging speed used in the extraction stage. Regeneration with 

Na2CO3 was done following the same procedure of NaOH. 

6.2.2.3 Acetic Acid and Furfural Analysis 

The initial and equilibrium acid concentrations were determined by proton NMR [17, 

18]. A Varian 300 NMR-spectrometer was employed for determining furfural and acetic 

acid concentration as described in Appendix II.  

6.2.2.4 Lignin Analysis 

The lignin contents of the original PHL and TPHL were measured based on the UV/vis 

spectrometric method at a wavelength of 205 nm (Tappi UM 250) [19]. 

6.2.2.5 Sugar Analysis 

The sugar contents in the pre-hydrolysis liquor and the raffinate were determined by 

using an Ion Chromatography [20] with a Pulse Amperometric Detector and 

CarboPacTM PA1 column (Dionex-300, Dionex Corporation, Canada) as described in 

Appendix I. 
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6.3 Results and Discussion 

At a stoichiometric ratio of acetic acid to amine of 1, the extractant trioctyl amine 

(TOA) dissolved in diluent octanol extracted 81.66%, 62.30% and 64.66% acetic acid 

from MAA, PHL and TPHL, respectively. The resulting distribution coefficients of 

acetic acid are much lower in PHL (1.71) and TPHL (1.89) than MAA (4.44), Table 6.1. 

The less extraction of acetic acid from PHL and TPHL than the MAA is due to the pH 

of the liquor [20]. It was found that distribution coefficients decreased with increasing 

the pH [21]. The protonated/undissociated form of acetic acid can form complexes with 

amine, thus, favoring the acetic acid extraction, however it decreased with increasing the 

pH of the solution. 

Table 6.1 Extraction of acetic acid from MAA, PHL and TPHL by TOA-octanol at 

equal mass phase ratio and 25
0
C 

Sample Amine to acetic acid 

mole ratio 

Removal 

(%) 

Distribution ratio 

[acid]org/[acid]aq 

MAA 

PHL 

TPHL 

1.0 to 1.0 

1.0 to 1.0 

1.0 to 1.0 

81.66 

62.30 

64.66 

4.44±0.88 

1.71±1.95 

1.89±1.55 

 

6.3.1 A proposed process scheme for recovering acetic acid from the PHL 

Fig. 6.1 shows an overall process scheme for recovering acetic acid from the treated pre-

hydrolysis liquor (TPHL). In the proposed system TOA/ octanol is used for extracting 

acetic acid from the activated carbon treated prehydrolysis liquor (TPHL). PHL is 

pretreated with activated carbon (AC) to remove lignin and furfural present in the PHL. 
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The overall process concept of utilizing the dissolved organics in the PHL of the kraft- 

based dissolving pulp production process was discussed in an earlier publication [22]. 

The AC pretreated PHL contains mainly sugars and acetic acid, which are mixed with 

extractants (TOA) and diluent octanol and then formed HAc–amine complex in the 

organic phase. The aqueous phase contains sugars that will be further used as feed stock 

for biochemicals/ biomaterials/ bioenergy production process. The HAc–amine complex 

containing organic phase is transferred to back extraction unit, where the recovery of 

acetic acid and regeneration of extractant and diluents are done.   

In the proposed scheme, NaOH is used for extracting acetic acid from the organic phase 

as sodium acetate. The conversion of sodium acetate to acetic acid is done by using 

sulfuric acid, while sodium sulfate is also obtained. Sodium sulfate can, via electrolysis, 

be converted to NaOH and H2SO4 which are recycled to the system, as shown in Fig. 

6.1. The production of sulphuric acid and sodium hydroxide by the electrolysis of an 

aqueous solution of sodium sulphate is well known [23].  
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Figure 6.1 Proposed process for recovering acetic acid from industrial PHL using 

tertiary amine 

6.3.2 Back extraction of acetic acid from MAA by temperature swing 

An attempt has been made to regenerate acetic acid from the loaded organic phase by 

temperature swing and results are given in Table 6.2. The concept of temperature swing 

is based on shifting of extraction equilibrium caused by temperature [12]. The 

distribution of acid into the solvent phase decreases sharply with increasing temperature, 

sufficiently to allow back-extraction of the acid from the solvent in a fresh aqueous 

phase [12].  Since complex formation of acid with amine is strongly dependent on 

temperature, at present, temperature swing is introduced in regeneration of amine-acetic 

acid extract from MAA. It is observed from the Table 6.2 that at mass phase ratio of 1, 

the back extraction of acetic acid was about 37% and with increasing temperature the 



 

104 

 

back extraction increased but it was not significant. It also showed that the recovery was 

decreased to 15% on increasing organic to aqueous phase ratio of 5 to 1. Similarly, Lee 

et al. [24] back extracted 34% of succinic acid from the loaded organic phase at 90
0
C 

and found the efficiency of back extraction was increased by only 10% from 40 to 90
0
C. 

However, temperature swing would not be used if the acid's distribution ratio is not 

sensitive to temperature and diluent is not suitable for back extraction  by temperature 

swing for certain acid [25], as in the case of lactic acid. It can be said the temperature 

swing is not an effective method for regenerate and concentrate acetic acid in our 

system. 

Table 6.2 Temperature swing back extraction of acetic acid of MAA from the 

loaded organic phase 

Organic to Water ratio Temperature 
0
C HAc Recovery (%) 

1 to 1 

1to 1 

75 

90 

36.62±0.65 

36.71±0.55 

5 to 1 

5 to 1 

75 

90 

15.25±0.78 

15.59±0.24 

 

6.3.3 Back extraction of acetic acid from the MAA by NaOH solution 

Table 6.3 shows the effect of mole ratio of sodium hydroxide to acetic acid on the back 

extraction of acetic acid from the loaded organic phase at an equal mass of aqueous 

phase. At the mole ratio of 0.5, the back extraction of acetic acid was 48.82%, which 

was close to the theoretical yield of 50%, and it was increased to 97% at a mole ratio of 
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1.0. A higher than 1 mole ratio can recover 100% acetic acid. It can be concluded that a 

slightly higher than 1 mole ratio would be sufficient to reach 100% HAc recovery. 

Keshav and Wasewar [26] also regenerated 100% propionic acid from the loaded 

organic phase (TOA and 1-decanol) by using slightly higher than 1 mole ratio of NaOH 

to acid. Similarly, back extraction of succinic acid from the loaded organic phase 

continued to increase until the stoichiometry reached to 2.0 [24].  The recovery 

efficiency of pyruvic acid increased with the increase of stoichiometry of the base to 

pyruvic acid [27], it was also found that the back extraction of pyruvic acid from the 

organic phase was complete when the mole ratio of NaOH to pyruvic acid loaded in the 

organic phase was slightly higher than1.0. 

Table 6.3 Effect of NaOH/acetic acid mole ratio on the back extraction of acetic 

acid of MAA from the loaded organic phase (Extraction for 30 min at 25
0
C and 500 

rpm mixing speed) 

Mole ratio of 

NaOH/acid 

phase ratio Acetic acid 

recovery 

(%) 

Concentration(g/L) 

0.5 

1 

2 

4 

1 to 1 

1 to 1 

1 to 1 

1 to 1 

48.82 

97.13 

100.00 

100.00 

5.13 

10.19 

10.48 

10.51 

 

There would be practical interest in increasing the concentration of resulting sodium 

acetate concentration after the back extraction process, this can be done by using more 



 

106 

 

concentrated sodium hydroxide solution (at the same alkali to acid mole ratio), i.e., by 

increasing the organic to aqueous phase ratio. Table 6.4 shows the effect of volume of 

organic phase to aqueous phase on the back extraction of acetic acid from the loaded 

organic phase. At the organic to aqueous phase ratio of 1, the back extraction of acetic 

acid was 97%. An increase in the organic to aqueous ratio decreased the acetic acid 

recovery. Lee et al. [24] found that the back extraction efficiency of succinic acid by 

using sodium hydroxide decreased from 34% to 11% with increasing organic to aqueous 

phase from 1 to 6 [25]. As shown in Table 6.4, at the organic to aqueous ratio 5, the 

acetic acid recovery was 95.4% which was equivalent to 40.8 g/l sodium acetate 

concentration. An acetic acid concentration of 150.8g/l was obtained in an organic to 

aqueous ratio of 40, and the HAc recovery was 46.4%. A lower recovery of acetic acid 

at the higher organic to aqueous phase may be attributed by lower interaction of acid 

and alkali. Therefore, a thorough mixing would be important to achieve a good HAc 

recovery for the system, which was supported by our experimental results (increasing 

total volume by factor 4, the back extraction increased by almost 2% for the better 

contact). Also, the lower HAc recovery at a higher Org/aqueous phase ratio may be 

compensated by a higher alkali to acid ratio (extraction efficiency increased by 2-3%). 
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Table 6.4 Effect of organic to aqueous phase ratio on the back extraction of acetic 

acid of MAA from the loaded organic phase of MAA (Mole ratio of NaOH or 

Na2CO3 to acid was 1) 

Alkali Org/aq Acetic acid recovery 

(%) 

Concentration(g/L) 

 

 

 

NaOH 

40 

20 

10 

5 

2 

1  

0.5 

46.44 

68.80 

76.00 

95.4 

96.44 

97.13 

29.60 

150.80 

118.10 

65.60 

40.80 

16.60 

10.19 

2.50 

 

Na2CO3 

40 

5 

1 

36.00 

76.50 

85.00 

117.60 

31.20 

6.50 

 

The potential of using more cost- effective alkali sources, such as soda ash, was 

investigated, and the results are also shown in Table 6.4 (at the molar ratio of soda ash 

to acid of 1). At the organic to aqueous phase ratio of 1, the acetic acid recovery was 

85.0%, which decreased to 76.5% and 36%, with the increase of organic to aqueous 

phase ratio to 5 and 40, respectively. These results are lower than those from sodium 

hydroxide under the same conditions.  
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6.3.4 Kinetics 

Due to the fact that the nature of the back extraction process is alkali- acid neutralization 

reaction, it is expected the reaction is very fast. This was confirmed from the results in 

Fig. 6.2. As can be seen, the equilibrium was attained very quickly. The back extraction 

of lactic acid from Alamine 336 in octanol was studied by Wasewar et al. [28] and the 

results showed that the back extraction reaction was fast. 

 

Table 6.2 Back extraction rate of acetic acid from the loaded organic phase of 

MAA 

6.3.5 Back extraction of acetic acid from the PHL and TPHL by NaOH solution 

The results from PHL and activated carbon pretreated PHL (TPHL) are given in Table 

6.5 at the mole ratio of acetic acid to NaOH of 1. It can be found that the recovery of 

acetic acid (as sodium acetate) from the PHL and TPHL was 83.1% and 89.6, 

respectively at the organic to aqueous ratio of 1. Similar to MAA, the percentage of 

acetic acid recovery was decreased with increasing the organic to aqueous phase ratio. 
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At the organic to aqueous phase ratio of 40, the recovery of acetic acid was only 42.6% 

and 45.7% from the PHL and TPHL, respectively. At the organic to aqueous phase ratio 

of 40, the regenerated TOA-octanol still contained 54.3% of acetic acid, which was 

further extracted with fresh aqueous sodium hydroxide solution, and found that the 

acetic acid was further back extracted by 41.0% (data not shown). The higher organic to 

aqueous ratio resulted in the increase of sodium acetate to 97.95 g/l and 103.02 g/l for 

the PHL and TPHL, respectively at the organic to aqueous phase ratio of 40 to 1.  

Table 6.5 Effect of organic to aqueous phase ratio on the regeneration of acetic acid 

from the loaded organic phase of PHL and TPHL at 25
0
C (Mole ratio of NaOH to 

acid was 1) 

Sample Org/NaOH 
Recovery of 

acetic acid (%) 
Concentration (g/L) 

PHL 

40 

20 

5 

2 

1 

42.63 

55.27 

64.20 

70.02 

83.11 

97.95±1.25 

63.49±1.92 

18.44±1.45 

8.04±1.56 

4.77±1.27 

TPHL 

40 

20 

5 

2 

1 

45.73 

62.91 

82.82 

87.95 

89.64 

103.02±1.76 

70.83±1.99 

23.32±2.00 

9.62±1.85 

5.05 
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6.3.6 Back-extraction of HAc from the MAA at the higher mole and phase ratio 

As shown in Table 6.6, the back extraction efficiency increased with the increase of 

NaOH to HAc mole ratio from the acetic acid loaded organic phase. At the organic to 

aqueous phase ratio of 5, the back-extraction efficiency of acetic acid increased to 

99.25% from 95.35% with the increase of mole ratio to 1.2 from 1.0. The similar result 

was observed for the back extraction of propionic acid from NaOH and showed that at 

slightly higher mole ratio almost 100% acid was regenerated at equal phase ratio [26].  

Table 6.6 Effect of NaOH to HAc mole ratio on the back-extraction of acetic acid 

(%) from the MAA (10 g/L) at the higher organic to aqueous phase ratio 

Mole ratio 

(HAC/NaOH) 

Mass ratio (Aq/Org) 

1 to 5  1 to 10 

1 to 1 

1 to 1.1 

1 to 1.2 

95.35 

97.26 

99.25 

76.00 

78.35 

81.14 

 

6.3.7 Characteristics of PHL after regeneration 

In the extraction process of acetic acid from the PHL and TPHL by TOA-octanol 

system, a significant amount of lignin and furfural was also extracted. For the PHL, after 

TOA/octanol extraction 4.86g/L lignin was in the organic phase at 1 to 1 amine to HAc 

mole ratio and equal mass phase ratio and the rest of lignin (4.49 g/L) remained in PHL. 



 

111 

 

The lignin concentration in the aqueous phase after the NaOH back extraction was 1.96 

g/L (Table 6.7). This may create another problem of purification of acetic acid.  

Table 6.7 Presence of sugars and lignin in extraction and back extraction process 

(for extraction equal mole ratio of amine to acid at equal mass phase ratio, for 

regeneration equal mole ratio of NaOH to acid at equal organic to aqueous phase 

ratio) 

  
  Lignin (g/L) Total Sugar 

(g/L) 

PHL 

PHL  9.35 50.30 

PHL after extraction with 

TOA/octanol  

4.49 48.50 

Back extracted 

NaOH solution 

Alkali phase after back 

extraction with NaOH  

 

 

1.96 1.50 

TPHL 

TPHL  1.40 49.62 

TPHL after extraction with 

TOA/octanol  

1.12 48.10 

Back extracted 

NaOH solution 

Alkali phase after back 

extraction with NaOH  

0.16 1.12 

 

After the activated carbon treatment, 92% lignin was removed from the PHL, and then 

by TOA/ octanol extraction only 0.28 g/L lignin was present in the organic phase at the 

equal mole of amine to acid and mass phase ratio. The aqueous phase after the NaOH 

back extraction had 0.16 g/L lignin concentration. Therefore, another advantage of AC 
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pretreatment was that the much less lignin was present as a contaminant in the aqueous 

phase, which facilitates the purification/ upgrading of the final product. 

As shown in Table 6.7, the sugars concentration after extraction was 48.50 and 48.10% 

from PHL and TPHL, respectively. The sugars/oligo-sugars (free of lignin and acetic 

acid) can be concentrated based on the membrane technology and used for the 

production of biomaterials/ biochemicals/ bioenergy [22]. 

6.3.8 Repetitive extraction and regeneration of acetic acid from MAA, PHL and 

TPHL 

Recycling of the regenerated/ recovered solvent used in the process is an important issue 

in reactive extraction to make a viable process. In order to find the extraction efficiency 

of regenerated solvent after back extraction with sodium hydroxide, MAA and TPHL 

were extracted with regenerated TOA/ Octanol and its HAc extraction efficiency was 

determined; subsequently, the HAc recovery in the NaOH regeneration step was also 

determined, and results are given in Table 6.8. It can be found that the HAc extraction 

efficiency in the extraction step and the HAc recovery in the back extraction step 

remained essentially the same for the 9 cycling time studied. For the TPHL, the HAc 

extraction efficiency and the HAc recovery in the back extraction step were 64.66% and 

89.64%, respectively when using fresh TOA/ Octanol, while they were 63.45% and 

88.43%, respectively after the ninth recycling. The above results indicate that the 

recovered TOA-octanol can be successfully reused/ recycled in the process. Li et al. 

extracted fumaric acid from the industrial waste water by trialkyl amine/ kerosene/ 

octanol, which was subsequently regenerated by using NaOH solution, the regenerated 
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solvent was re-extracted successively seven times, and the extraction efficiency 

remained the same [29]. 

The acetic acid from the industrial PHL can be separated and concentrated by reactive 

extraction and by sodium hydroxide regeneration methods repeatedly though a part of 

extracted lignin in TOA-octanol system can hamper the acetic acid purification and 

solvent regeneration process. Therefore, lignin can be removed by AC treatment prior to 

reactive extraction. The extracted acetic acid can be back extracted by aqueous sodium 

hydroxide through the formation of sodium acetate. Acetic acid can be released from the 

system by sulphuric acid. But there is a challenge in separating acetic acid and sodium 

sulphate. At lower temperature, the solubility of sodium sulphate is low. Therefore, 

sodium sulphate can be separated by crystallization. It needs to be studied in future. 
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Table 6.8 Effect of solvent recycling on extraction and back extraction of acetic 

acid (Extraction: equal mole ratio of amine to acid at equal mass phase ratio; back 

extraction:  equal mole ratio of NaOH to acid at equal organic to aqueous phase 

ratio) 

Recycle 

time 

Acetic acid Extraction 

Efficiency % 

Acetic acid back extraction  

Efficiency % 

MAA  TPHL MAA  TPHL 

0 80.83 64.47 97.95 90.06 

1 80.32 64.22 97.83 90.12 

2 80.89 64.57 97.30 89.61 

3 79.90 64.51 97.86 89.69 

4 80.77 64.70 97.11 89.76 

5 80.09 64.51 97.31 89.82 

6 80.54 64.34 97.20 89.75 

7 80.08 64.41 97.01 89.88 

8 79.67 63.98 97.44 88.27 

9 79.22 63.45 97.05 88.45 
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6.4 Conclusions 

Back-extraction of acetic acid from the loaded TOA- octanol organic phase, which was 

extracted from MAA, PHL and TPHL, was carried out by aqueous sodium hydroxide 

solution. At the mole ratio of 1 and the organic to aqueous phase of 1, acetic acid back-

extraction was 97.1, 83.1 and 89.6% for MAA, PHL and TPHL, respectively. The 

organic to aqueous phase ratio largely affected the back-extraction efficiency, which 

decreased from 89.6% to 45.7% with increasing organic to aqueous phase ratio from 1 

to 40. The lower back- extraction efficiency at the higher organic to aqueous phase ratio 

can be increased by increasing the sodium hydroxide to acetic acid mole ratio. As the 

mole ratio increased to 1.2, the acetic acid back extraction efficiency of MAA was 

almost 100% at the organic to aqueous phase ratio 5. After back-extraction with aqueous 

sodium hydroxide, the regenerated solvent can be reused in the process without reducing 

extraction efficiency. It can be concluded that the process concept of reactive extraction 

using TOA-octanol, followed by a back- extraction step using sodium hydroxide, is 

effective in recovering/ concentrating acetic acid from the prehydrolysis liquor (PHL) of 

the kraft- based dissolving pulp production process. 
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CHAPTER 7 

RECOVERING/CONCENTRATING OF ACETIC ACID AND 

HEMICELLULOSIC SUGARS FROM PHL BY NANOFILTRATION 

(NF) AND REVERSE OSMOSIS (RO) FROM PREHYDROLYSIS 

LIQUOR OF KRAFT BASED HARDWOOD DISSOLVING PULP 

PROCESS  
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7.1 Introduction 

The integration of forest biorefinery concept into existing pulp mills has received a lot 

of attention due to global marketing competition, environmental concern and 

biofuel/biochemcials/bio-materials demand. The fast growing dissolving pulp mill is not 

exceptional. In addition to the dissolving pulp as main product, these pulp mills have the 

potential to produce bio-materials, bio-fuels/ energy. In the current practice the 

prehydrolysis liquor and pulping waste liquor are burnt. In case of prehydrolysis liquor 

(PHL) it is not economical as the heating value of hemicelluloses is rather low [1].  On 

the other hand, hemicelluloses can be converted to biochemicals such as furfural, xylitol 

and ethanol.  

The PHL from the Kraft based hardwood dissolving pulp process contains around 10 

g/L acetic acid [2] and it is an important commodity chemical and a key raw material for 

the production of wide range of products like terephthalic acid, vinyl acetate, acetic 

anhydride, esters, monochloroacetic acid and so on. Acetic acid in PHL is from acetyl 

groups (around 5% in hardwood), which are mainly bounded to hemicelluloses and 

hydrolyzed during the prehydrolysis process [3]. Separation of acetic acid from the 

sugar rich PHL is very crucial as its presence inhibits fermentation process. An effective 

recovery of acetic acid can lead to another commodity chemical, while it can help 

utilization of hemicellulosic sugars in the downstream processing. Our previous study 

was done on recovery of acetic acid by adsorption onto resin and by reactive extraction 

process using trioctyl amine in octanol as a diluent. The resin adsorption process showed 

lower. The reactive extraction showed 63-65% recovery of acetic acid of TPHL at 1:1 

amine to acetic acid molar ratio [4]. In the back extraction process 83-90% of acetic acid 
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was regenerated without hampering the extraction efficiency of the recycled organic 

phase [5]. In spite of the better recovery, octanol and trioctyl amine are expensive 

chemicals and would be difficult to handle at an industrial scale. 

In the present chapter we focused on consecutive nanofiltration (NF) and reverse 

osmosis (RO) concepts. To reduce the load of fouling compounds like lignin, the PHL 

was first treated by using activated carbon (AC) adsorption. The removal of lignin can 

enhance the subsequent NF and RO as the fouling is decreased.  

The main objective of this chapter was to assess the feasibility of the proposed concept 

for recovering and concentrating of sugars and acetic acid by combination of AC 

treatment, NF and RO. 

7.2 Materials and Methods 

7.2.1 Materials 

The Pre-hydrolysis liquor (PHL) sample was collected from a dissolving pulp mill 

located in Eastern Canada. The mill used a mixture of maple (70% wt.), poplar (20% 

wt.), and birch (10% wt.) as raw materials. Wood based powdered activated carbon 

(CR325W-Ultra) was purchased from Carbon Resources.  

7.2.2 Methods 

7.2.2.1 Activated Carbon (AC) Treatment 

The PHL and powdered activated carbon (AC) were mixed at the ratio of 20:1 in a flask 

and shaken at the speed of 150 rpm at room temperature for 5 h. Then the treated PHL 

(TPHL) was collected after filtration through 0.45 micron membrane. 
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7.2.2.2 Membrane and filtration protocol 

A nanofiltration (NF) membrane (DK) of polyamide with molecular weight cut off 

(MWCO) of 150-300, isoelectric point of 4, pH range of 2-11, diameter of 0.047 m and 

equivalent pore size 0.8-0.9 nm was supplied by Sterlitech Corporation. For reverse 

osmosis (RO) SG membrane of polyester support layer, with zero MWCO was 

purchased from Sterlitech Corporation.  

NF and RO experiments with TPHL were conducted in a flow cell with a membrane 

area of 0.0017 m
2
 and a batch weight of 100 gm. All the experiments were conducted at 

a constant pressure of 500 psi, and with a stirrer speed of 500 rpm. After each 

experiment the NF system was flushed with deionized water followed by washing with 

0.01N NaOH. The membrane was stored in 0.01N NaOH to prevent bacterial growth. 

The RO SG membrane was preserved in 0.5% sodium metabisulfite solution. 

The observed rejection/retention for a given solute was calculated from Eq. 1 to evaluate 

the separation performance of a membrane: 

R= (1-Cp/Cf)*100 ----------------------------- (7.1) 

Where Cp and Cf are the concentrations of the solute in the permeate and the feed, 

respectively. VRF (Volume Reduction Factor) was defined as in Eq.7.2, V0  is the initial 

feed volume (L) and VR is the retentate volume (L).  

VRF= V0/VR ---------------------------------- (7.2) 

7.2.2.3 Acetic Acid and Furfural Analyses  

The initial and equilibrium acid concentrations were determined by proton NMR [6, 7]. 

A Varian 300 NMR-spectrometer was employed for determining furfural and acetic acid 

concentration as described in Appendix II.  
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7.2.2.4 Lignin Analysis 

The lignin contents of the original PHL, TPHL, permeate and retentate were measured 

based on the UV/vis spectrometric method at a wavelength of 205 nm (Tappi UM 250) 

[8]. 

7.2.2.5 Sugar Analysis 

The sugar contents in the pre-hydrolysis liquor and the raffinate were determined by 

using an Ion Chromatography [9] with a Pulse Amperometric Detector and 

CarboPacTM PA1 column (Dionex-300, Dionex Corporation, Canada) as described in 

Appendix I. 

7.3 Results and Discussion 

7.3.1  Proposed concept for recovering and concentration of hemicellulosic sugars 

and acetic acid by activated carbon and multistage membrane process 

PHL contains lignin, sugars, acetic acid, and therefore various separation units would be 

required. Starting with lignin it was already established that activated carbon is a good 

adsorbent for removing polyphenolic compounds [10, 11]. Wood based powder 

activated carbon is the best choice in this case for its higher surface area and functional 

groups [10]. Subsequently the activated carbon can be regenerated and reused.  

Removal of lignin at the first stage can actually make feasible the subsequent 

membrane- based separation processes to recover acetic acid and sugars [5, 12]. 

Nanofiltration with MWCO about 150 may be suitable to retain hemicellulosic sugars 

while acetic acid (MW 60) can pass. In the Reverse osmosis (RO) process multistage 

units in cascade pattern to concentrate acetic acid can be reused (Fig.7.1). Therefore it is 

expected that the combination of adsorption and multistage membrane separation would 
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be an effective bio-refinery accomplishment for recovering the value added chemicals 

from PHL.   

 

 

 

 

 

 

 

Figure 7.1 Proposed multistage process of nanofiltration and reverse osmosis for 

recovering and concentration of hemicellulosic sugars and acetic acid 

7.3.2 Mass balance of the proposed process 

From Fig. 7.2 it can be seen that almost 74% of mono sugars and 99% of oligo sugars 

were recovered at the first stage of NF and final concentration reached to 31 g/L and 196 

g/L, respectively. In case of acetic acid 80% passed through the NF membrane with 

permeate concentration of 8.54 g/L. The lignin concentration in permeate was 0.22 g/L. 

To recover the residual acetic acid from the retenate of the first NF, almost equal 

volume water was added and again the retenate passed through the intermediate NF 

stage. It was found that 30% of acetic acid was passed with 2% loss of mono and oligo 

sugar. The advantage of this intermediate NF stage with water was that sugars could be 

more concentrated and it could decrease the amount of acetic acid in the retentate. 
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Afterwards, the permeate of intermediate NF stage was added with the permeate of first 

stage NF and sent to second stage of NF. The reason of adding second stage was to 

separate residual sugars from acetic acid and sent this sugar free permeate to RO unit. 

The final concentration of NF2 permeate was 1.33 g/L of total sugar, 6.94 g/L of acetic 

acid and 0.08 g/L of lignin. 

The permeate of NF2 was then passed through the first RO stage (RO1) to concentrate 

the acetic acid present.  In the same manner the permeate from second stage reverse 

osmosis (RO2) was feed for RO3. In RO1 the acetic acid concentration reached to 55.94 

g/L from 6.94 g/L (68% retention). In RO2, about 59% of acetic acid was retained.  

Lignin was found almost absent in the RO stages. In RO3, the permeate was almost free 

from oligo sugar. The RO3 permeate was low in organics (0.47 g/L of mono sugar and 

0.65 g/L of acetic acid), which can be recycled to the process. 
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Figure 7.2 Mass Balance for 2- stages NF and 3 –stages RO process 

*P (Peremeate volume: 31.42 g/L, 3.717 g/L HAc, 0.476 g/L mono sugar, 5.48 g/L oligo 

sugar), **R (Retentate volume: 12.57 g/L, 20.98 g/L HAc, 55.65 g/L mono sugar, 

344.36 g/L oligo sugar) 
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7.3.3  Integration of process concept into kraft- based dissolving pulp production 

The proposed concept was then integrated into the existing dissolving pulp production 

process (Fig. 7.3). It should be pointed out again that the process design is to recover/ 

concentrate the hemicellulosic sugars and acetic acid. The key process concept included: 

1) AC adsorption to remove the lignin present in the PHL (which is relatively high 

molecular weight organics in the PHL); 2) NF to separate/concentrate the hemicellulosic 

sugars, 3) RO to separate/ concentrate acetic acid. The concentrated sugars from NF can 

be used for producing sugar derivatives, such as furfural, xylitol. The concentrated 

acetic acid from RO can be further upgraded so that acetic acid is produced as a 

commodity chemical from the process.  
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Pulp dryer
Dissolving Pulp
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Boiler recovery
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Figure 7.3 Flow diagram of the proposed concept for recovering and concentration 

of hemicellulosic sugars and acetic acid from PHL integrated with the overall 

kraft-based dissolving pulp production process 
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7.3.4 Influence of process parameters 

7.3.4.1 Effect of pressure on NF and RO 

The pressure was varied from 100 to 500 psi (689 to 3447 kPa), with a feed of 48.04 g/L 

of total sugars, 8.58 g/L acetic acid and 1.09 g/L lignin. It was shown from Table 7.1 

that the total sugar concentration of activated carbon treated PHL (TPHL) increased 

from 360 to 408 g/L in the NF when the pressure increased from 100 to 500 psi. The 

same trend was observed by Zhou et al. [13, 14]. They found that xylose retentions 

increased from 87% to 91% as the pressure increased from 20 to 50 bar (2000 to 5000 

kPa). For RO the acetic acid concentration in the retentate increased from 35 to 51 g/L 

at the same pressure range (Table 7.1). 

Table 7.1 Effect of pressure on the retention of sugar, acetic acid and lignin in NF 

and RO at pH 4.3 and VRF 10 

Pressure 

(psi) 

 NF  RO 

  Concentration in Retentate (g/L) 

Total 

sugar 

Acetic 

Acid 
Lignin 

Acetic 

Acid 

Total 

sugar 
Lignin 

100 360.65 8.50 7.84 
 

35.45 

 

393.64 8.08 

300 384.67 8.65 8.28 
 

43.65 

 

417.26 8.46 

500 408.25 8.98 8.72 50.92 441.63 9.97 
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7.3.4.2 Effect of pH 

The results in Table 7.2 showed the pH effect on the sugar concentration during NF 

treatment under the conditions studied (pH 2 to 8). With the pH increasing, the sugar 

concentration decreased. This was in agreement with Zhou et al. [13, 14]. They found 

that xylose retention was decreasing with increasing pH. The natural pH of the PHL was 

4.3, and it can be found that at this pH level, the NF performance for concentrating 

hemicellulosic sugars worked well. The loss of acetic acid (in the NF retentate) was 

small at pH 4.3, and the loss was much more when it was operated at alkaline 

conditions. For the separation and concentration of acetic acid from RO, the higher pH 

could favor the concentration of acetic; however, the drawback is that acetate, instead of 

acetic acid would be produced.  

Based on the results it was concluded that both NF and RO is better to be operated at its 

natural pH, i.e., pH 4.3. 

Table 7.2 Effect of pH on the retention of sugar, acetic acid and lignin in NF and 

RO at 500 psi. 

pH 

 
NF  RO 

 
 Concentration in Retentate (g/L) 

Total sugar 
Acetic 

acid 
Lignin 

Acetic 

acid 
Total sugar Lignin  

2 436.65 4.70 9.81 25.61 456.21 10.41 

4.3 408.25 8.85 8.72 50.92 441.63 9.97 

8 369.60 31.24 7.85 66.50 422.40 9.81 
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7.4 Conclusions 

The combined concept of adsorption and multistage NF and RO were shown as a 

promising process to remove lignin, and separate/ concentrate hemicellulosic sugar and 

acetic acid. The lignin removal from activated carbon adsorption, facilitated the 

operation of subsequent NF and RO stages. The total sugar concentration after the NF 

increased to 227 g/L from 48 g/L under the conditions of VRF 5, pH 4.3, and 500 psi. 

The acetic acid loss from NF was low (less than 10%). In addition, the RO stage 

increased the acetic acid concentration to about 50 g/L from 10 g/L under the conditions 

of pH 4.3 and 500 psi. Multiple stages of RO can increase the overall acetic acid 

recovery up to about 70% under the conditions studied.  
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CHAPTER 8 

ECONOMIC ANALYSES 
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8.1 Overview of Products Market 

8.1.1 Lignin – Market and Price Analysis  

 Kraft lignin can be used in various applications where the base lignin must be modified 

before it can be used. Some of the most interesting products to further develop are 

activated carbon (AC), carbon fibers, and phenols. Since Kraft lignin is not well 

commercialized in the current market, lignin sulfonate (4% sulfur) could be bought at an 

approximate cost of $500/ton (Alibaba.com). However, it is difficult to predict the 

future market and the technology development for lignin-based products since they 

depend on a range of factors in the new emerging technology. In a study performed in 

2010 by LigniMatch, the future market development has been made for the three studied 

products; activated carbon, carbon fibers, and phenols [1].  

8.1.2 Acetic acid – Market and Price Analysis 

Acetic acid is known to have various applications in the industrial world. The main uses 

for acetic acid is as vinyl acetate monomer (VAM), which is used for paints, adhesives, 

textiles, paper, films, and chewing gum. Acetic acid is also used for the production of 

acetic anhydride, representing 18% of the world consumption. The common prices for 

acetic acid were found in the range of $500-$1,000/Ton. A higher price is paid for food 

grade quality acetic acid, namely $1,000-$5,000/Ton, but this facility would aim to 

make acetic acid for regular use (Alibaba.com).  

 China is the largest consumer of acetic acid at 30% of the total demand, while the rest 

of Asia accounts for 27% of the total demand, approximately 20% for the US and 14% 
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in the Europe. This amounts to approximately 90% of the total acetic acid consumption. 

An increase in consumption is expected to range between 6-7% per year [2]. 

8.1.3 Sugar – Market and Price Analysis 

Possible products that can be obtained from sugars are xylitol, ethanol, and furfural.  

World xylitol market is increasing and is presently estimated to be $340 million/year 

with a price of $4,000–$5,000/Tonne. The current production in market is under 

100,000 Tonne/year. For the xylitol conversion process, 6.7 MW/day of steam are 

required. An amount of 28 Tonnes/day of xylitol can bring revenue of $39 million/year 

[3].  

Furfural has very wide market potential as it can be used mainly for production of 

furfuryl alcohol for resin production and lubrication for oil extraction. Currently, it is 

considered an important chemical intermediate from biomass. Most furfural is produced 

in China, where capacity is 150,000-200,000 Tonnes/year. In 2001, the global 

production was 250,000 Tonnes/year, and the price was stable at around $1,000/Tonne. 

By year 2011, furfural market increased to about 450,000 Tonnes/year [4]. 

Ethanol is an alternative fuel to petroleum and is considered environmentally friendly 

since it reduces greenhouse gases such as carbon dioxide. Due to this fact, the use of 

ethanol at levels of 5-10% has been mandated in certain regions of the USA as well as in 

Canada (National Mandate of 5% for 2010). Despite ethanol’s easy use, it has a 

significant price in the current market. The market value of ethanol is approximately 

$0.68/L in Canada and $0.54/L in the US. However, it is important to note that ethanol 

price depends on the price of feedstock and barrel of oil. The US predicts the market 
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size to be 64 billion L/year by 2022. Research shows that to produce ethanol from sugar 

and starch, the production cost would be $0.22/L and $0.30/L, respectively [5]. 

8.2 Cost Estimation 

The cost does not consider adsorption process due to less amount of recovery. The 

estimation was done for membrane and liquid extraction for TPHL (600 ton/day, 8-10 

g/L).  

Capital costs include membranes, feed pumps, associated chemical feed equipment, and  

power. Operation and maintenance (O&M) costs include power, replacement parts, 

membrane replacement, and maintenance.  

8.2.1 Estimated Cost of membrane filtration system 

Table 8. 1 Approximate cost of filters of membrane process 

Description Quantity Actual cost 

Nano filter 1 $ 34,500 

Reverse Osmosis filter 4 $ 138,000 

Total cost  $ 172,500 

 

Nanofiltration requires less energy than reverse osmosis system for same feed quality. 

Power costs include power for NF/RO feed pumps, instrumentation and controls and 

building maintenance. The power requirements for process pumping and building 

maintenance are assumed to be 0.28 kWh/ton and 0.14 kWh/ton produced, respectively. 
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Unit power cost of $0.046 per kWh is used to estimate the power cost (NB power, 

2012). The equation for power cost is given below. 

Power Cost ($/yr) = 4 unit x0.42 x 0.046 x Average Flow produced (600 ton/d) x 365 = 

$ 16,924 

Table 8.2 Estimated cost of filtration of acetic acid by NF/RO [6] 

Direct fixed capital 

 

$ 

 
NF/RO Equipment Cost 

 

744,000 

29 
NF/RO Membrane Elements 172,500 

56 System Feed Pumps 92,000 

Clean-In-Place (CIP) System 36,000 

Membrane Skid with Filter Housing 148,000 

Total 1,192,000 

Operating cost $ 

 
NF /RO Membrane Replacement 70,000 

Clean-in-Place Chemicals 1,600 

Power 

 

16,924 

Total 87,524 

 

8.2.2 Estimated Cost of extraction system 

Table 8.3 Estimated cost of extraction of acetic acid by TOA-Octanol [7] 

Direct fixed capital 

 

$ 

 
Extractor (12.2 m x 2.32 m) 160,000 

29 
Solvent recovery column (12.2 m x 0.52 m) 29,000 

56 Solvent dehydration column (6.1 m x 0.71 m) 56,000 

Solvent regeneration column (26.8 m x 1.08 m) 308,000 
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Heat exchanger 376,000 

Pump, tank, drums 18,000 

Batch system for solvent purification 16,000 

Solvent inventory 17,000 

Total 1,215,000 

Operating cost $ 

 
Steam (low pressure) 42,000 

Cooling water 13,000 

Make-up solvent 34,000 

Depreciation, maintenance, etc 219,000 

Total 308,000 

 

8.3 Comparison of processes 

Table 8.3 Decision matrix  

Options 

Criteria 

Total 

Score 

Capital 

Investment 

Operational 

Cost 

Product 

Quality 

Environmental 

Priority Ratings 9 10 7 8 

Ion Exchange 7 7 4            7 217 

Liquid Extraction   6 6 7 6 211 

Membrane 

Filtration 

9 8 9 8 288 

 



 

140 

 

From Table 8.2 to 8.4 it is clear that basic capital and operation cost of filtration are 

lower than extraction’s expenses. Solvent dehydration, regeneration, and maintenance 

cost of extraction are the reason of higher cost in this process. So, it can be said that 

membrane filtration is cost effective and easy to scale up or commercialize in terms of 

cost, quality and environment.  
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CHAPTER 9 

CONCLUSIONS AND RECOMENDATIONS 
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9.1 Conclusions 

The focus of this research was to recover acetic acid from the prehydrolysis liquor 

(PHL) of the kraft-based dissolving pulp process. Several potential separation 

technologies were investigated, and in all cases, lignin present in the PHL was firstly 

removed based on the activated carbon adsorption. It was found that lignin adsorption 

was largely dependent on the surface area and pore volume of the activated carbon. 

In the first approach, acetic acid, the second major component of PHL, was recovered 

by amine based resin treatment. At equilibrium, the adsorption of acetic acid was 93 

mg/g for MAA sample and 38.23 mg/g for TPHL at 25
0
C.  The adsorption process was 

exothermic and followed second order kinetics. The Frendlich isotherm was best fitted 

with acetic acid adsorption on ion exchange resin. The resin can be regenerated with 

sodium hydroxide solution and reused. The desorption yield was 80% (as acetate ion).  

In the second approach, a reactive extraction of acetic acid with TOA and octanol was 

investigated as a potential method to recover acetic acid from PHL. Influence of other 

components on the process was studied by model solution of furfural, Syringyldehyde 

and xylose, all of which showed negligible effect on the extraction efficiency of acetic 

acid. Besides, the diluent has marginal impact on the HAc recovery efficiency. The 

results showed that only 6% (equal mole ratio of acid and amine) of TOA in octanol can 

recover 80.48%, 61.85%, 63.53% of acetic acid from MAA, PHL and TPHL, 

respectively.  

To recover the acetic acid from the complex and to reuse the extractant, a back-

extraction was performed with aqueous sodium hydroxide solution. At equal mole and 

phase ratio, the back extraction yield of 97, 83 and 90% was obtained for MAA, PHL 
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and TPHL, respectively. The organic to aqueous phase ratio largely affected the back-

extraction efficiency. As the mole ratio increased from 1 to 1.2, the acetic acid back 

extraction efficiency of MAA was almost 100% at the organic to aqueous phase ratio of 

5. The regenerated solvent, after back-extraction with aqueous sodium hydroxide, can be 

reused, with negligible effect on the extraction efficiency. It was concluded that this 

reactive extraction process, followed by a back- extraction using sodium hydroxide, is 

effective in recovering/ concentrating acetic acid from TPHL. 

The last part of this research focused on the simultaneous recovering and concentrating 

of sugar and acetic acid by nanofiltration (NF) and reverse osmosis (RO). A combined 

concept of adsorption and multistage NF and RO was proposed. The addition of AC 

adsorption stage for lignin removal prior to NF enhanced the membrane operation. The 

total sugar concentration after the NF increased to 23% from 5% under the conditions of 

VRF 5, pH 4.3, and 500 psi. In addition, the RO stage increased the acetic acid 

concentration to 5.5% from 1% under the same conditions of NF. Multiple stages of RO 

were effective for concentrating acetic acid and the final permeate can be reused as 

process water.   

In comparison of these three different processes product yield, regeneration, energy 

consumption, capital investment and maintenance are important issues to consider. It 

was clear from above discussion that comparatively resin treatment showed lower 

recovery than reactive extraction and membrane process. By reactive extraction and 

regeneration process the final concentration of acetic acid reached to 10% from about 

1% in the TPHL. Based on the multistage membrane process, the acetic acid 

concentration can reach to about 5.5%. In spite of the lower concentration of acetic acid 
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from the membrane process, it was possible to achieve almost pure acetic acid, instead 

of sodium acetate from extraction process.  

Reactive extraction is rapid and very selective separations that are usually highly 

efficient. Besides, partition coefficients are often independent of concentration and, 

therefore, can be applied to a wide range of concentrations. It can also handle very large 

capacities with minimal energy consumption. On the other hand, membrane filtration 

generally requires high feed pressures, which increases complexity and cost. Upstream 

or high-pressure side of membranes collects material and can grow microbes which 

eventually clog the filter. These fouled membranes are ineffective, and subject to 

rupture. For that reason membrane process needs periodic replacement. Moreover, the 

membranes are expensive; and therefore, the total operating and maintenance costs 

could be high in case of replacement.  

Membrane processes follow basically a very simple flow diagram. There are no moving 

parts (except for pumps or compressors), no complex control schemes, and less ancillary 

equipment compared to extraction. Therefore, they can offer a simple, easy-to-operate, 

low maintenance process option if fouling is considerably low and controllable. This 

process is potentially better for the environment since the membrane approach require 

the use of relatively simple and non-harmful materials. On the contrary, wasted aqueous 

phase and contaminated organic phase of reactive extraction always create disposal 

issues. Furthermore, it requires costly amounts of organic solvents and generates large 

volumes of organic waste which are generally toxic. Sometimes it creates formation of 

emulsions that can interfere with the phase-separation process. Therefore, it can be 

concluded that in our case membrane process is better than reactive extraction and 
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adsorption in terms of obtaining pure product, environment friendly and comparatively 

lower cost in operation. 

9.2 Recommendation for Future Work 

1. Desorption of lignin from activated carbon and regeneration of adsorbent. 

2. Upgrading/purification of acetic acid after reactive extraction/RO by distillation.  

3. Development of alternative methods (than activated carbon adsorption) to 

remove/recover lignin as a value added chemical.  

4. Using ultrafiltration for separation of lignin to reduce fouling and clogging of 

membrane process. 

5. Using more multistages or recirculations of permeate/retentate to concentrate 

acetic acid. 
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APPENDIX I 

Sugar Analysis 

The mono and oligo sugar contents in the pre-hydrolysis liquor and the treated liquor 

were determined by using an ion chromatography unit equipped with CarboPac
TM 

PA1 

column (Dionex-300, Dionex Corporation, Canada) and a pulsed amperometric detector 

(PAD). To convert oligosaccharide of PHL to monosaccharide, an additional acid 

hydrolysis of the sample was carried out at 1:5 sample to acid solution (4% of sulfuric 

acid) and at 121
o
C in an oil bath in a small sealed glass vial (Neslab Instruments, Inc., 

Portsmouth, N.H., USA). The samples were diluted prior to analysis about 900 times. 

Then 1 mL of the above-prepared samples were filtered and added to plastic vials and 

the analyses were carried out by using the ion chromatography. The sugar content before 

the acid hydrolysis showed the monomeric sugar content of the PHL, while the one after 

this hydrolysis reflects the total sugar content of the PHL. The oligomeric sugar content 

of the PHL was determined considering the total and monomeric sugar contents of the 

PHL. 

The PAD settings were E1 = 0.1 V, E2 = 0.6 V and E3 = -0.8 V. Deionized water was 

used as the eluant with a flow rate of 1 mL/ min, 0.2 N NaOH was used as the 

regeneration agent at a 1 mL/ min flow rate and 0.5 N NaOH as the supporting 

electrolyte at a 1 mL/ min flow rate. The calibration curve was established for each 

components, however, only for the riches component of PHL (xylose) shown in 

Appendix I. The analyses with standard solutions and industrial PHL revealed the error 
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within the range of 5% (confidence level 95%) for high performance anion exchange 

chromatography (HPAEC) unit used. 

 

 

Appendix I: Calibration curve of xylose showing standard error of 5% for HPAEC 
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APPENDIX II 

Acetic Acid Analysis 

The initial and equilibrium acid concentrations of furfural and acetic acid were 

determined using 
1
H NMR spectroscopy. All quantitative acetic acid

1
H NMR spectra 

were recorded at 298 K in H2O:D2O (4:1) using a Varian/Agilent INOVA 300 NMR 

spectrometer operating at a frequency of 299.838 MHz for 
1
H observe. The methyl 

protons signal of acetic acid was chosen as the reference standard for the quantitative 

analysis. The relaxation time (T1) of the methyl protons of acetic acid was measured as 8 

seconds using the standard inversion recovery pulse sequence supplied with the 

Varian/Agilent VnmrJ 1.1D software. Each NMR spectrum was recorded with a spectral 

width of 4000 Hz, and an acquisition time of 3.744 seconds, resulting in the acquisition 

of 29,952 data points. The pulse width was set to ninety degrees (9.5 microseconds) and 

the inter-pulse delay time was set at 40 seconds. The free induction decay was recorded 

by co-adding four transients and was zero-filled to 131,072 data points prior to Fourier 

transformation. The receiver gain was set at 42 dB for the recording of all spectra. A 

spline fitting baseline correction routine was applied to the spectrum prior to the 

measurement of the methyl protons integral. All 
1
H spectra were recorded using a 

DPFGSE pulse sequence for water suppression and were processed using VnmrJ 1.1D 

or 3.2A software. Calibration curves were made with the standard solutions of each 

component to determine the unknown concentration for each of these present in the 

PHL. Samples were prepared for NMR spectroscopy using a ratio of aqueous sample to 

D2O of 4:1(0.8 ml: 0.2 ml).  
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APPENDIX II (Cont’d) 

 

 

Appendix II: Calibration curves for acetic acid and furfural with Standard deviations 
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APPENDIX III 

 

 

 

Appendix III: Chromatogram for mono sugar analysis of adsorption at 1:10 ratio of 

PA408 resin and PHL at 45
0 
C and 1 hr 
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APPENDIX IV 

 

 

Appendix IV: NMR spectroscopy of acetic acid of adsorption at 1: 10 of PA111S resin and 

TPHL at 25
0 
C and 2 hr 
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APPENDIX V 

Experimental Data 

 

Table. Extraction of acetic acid of model solution at different mole ration of 

TOA/HAC and equal phase ratio at 25
0 

C, 500 rpm 

Amine to 

acetic acid 

Peak area of 

Acetic acid in 

Aq phase,  

n 1 

Peak area 

of Acetic 

acid in Aq 

phase,  

n 2 

Peak area of 

Acetic acid 

in Aq phase,  

n 3 

Mean Area of 

acetic acid in Aq 

phase 

Std 

Deviation 

3 to 1 338.72 339.31 337.53 338.52 0.74 

1.5 to 1 608.78 607.66 606.99 607.33 1.49 

1 to 1 856.01 857.47 856.47 856.47 1.03 

0.75 to 1 1137.33 1139.69 1138.69 1138.69 1.67 

0.5 to 1 1436.51 1437.15 1436.15 1436.15 0.45 

0.25 to 1 2172.96 2172.93 2171.92 2172.60 1.37 

0.1 to 1 2457.77 2456.98 2457.38 2457.18 1.03 

 

 

 

 

 

 



 

153 

 

 

 

 

 

 

Table. Extraction of acetic acid of PHL and TPHL at different mole ration of 

TOA/HAC and equal phase ratio at 25
0 

C, 500 rpm 

Sample 
Amine to 

acetic acid 

Peak area of 

Acetic acid 

in Aq phase, 

n 1 

Peak area of 

Acetic acid 

in Aq phase, 

n 2 

Peak area 

of Acetic 

acid in Aq 

phase, 

n 3 

Mean 

Area of 

acetic acid 

in Aq 

phase 

Std 

Deviation 

PHL 

1.5 to1 1535.56 1536.89 1537.28 1535.17 0.90 

1 to 1 1674.35 1675.67 1675.31 1674.71 0.68 

0.5 to 1 2083.77 2084.32 2084.44 2083.65 0.36 

TPHL 

1.5 to 1 1425.98 1426.31 1427.27 1425.02 0.67 

1 to 1 1600.12 1601.78 1601.00 1600.90 0.83 

0.5 to 1 1945.53 1946.23 1946.75 1945.01 0.61 
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APPENDIX VI 

Student t-test 

Regression (R
2 

> 0.97), Standard deviation (δ<2.5%) 

Repeatability (=2.82δ), Confidence interval (95%) 

 

Table. Adsorption of acetic acid on resin for MAA and TPHL (at 25
0
C, 35

0
C, 45

0
C 

and 1:10 of resin to MAA/TPHL). 

25°C 35°C 45°C 

MAA (%) TPHL (%) MAA (%) TPHL (%) MAA (%) TPHL (%) 

97.94 46.26 95.46 45.51 95.46 44.13 

98.45 46.54 97.99 45.82 97.99 44.56 

98.50 46.66 98.19 45.93 98.19 44.76 

98.58 46.75 98.25 45.98 98.25 44.84 

p = 0.000 p = 0.000 p = 0.000 

 

Table. Effect of mole and phase ratio on back extraction efficiency at 25
0
C. 

Mole ratio 

(HAc/NaOH) 

Mass ratio (Aq/Org) 

1 to 5  1 to 10 

1 to 1 95.35 76 

1 to 1.1 97.26 78.35 

1 to 1.2 99.25 81.14 

  p = 0.000371 
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Table. Effect of temperature on the amount (%) of adsorption of acetic acid at 

25
0
C, 35

0
C, 45

0
C and 1:10 of resin to MAA/TPHL. 

  
MAA 

  

25°C 35°C 35°C 45°C 

  

97.94 95.46 95.46 92.77 

  

98.45 97.99 97.99 96.47 

  

98.50 98.19 98.19 96.50 

  

98.58 98.25 98.25 97.53 

  

p = 0.189 p = 0.026 

  
TPHL 

  

25°C 35°C 35°C 45°C 

  

46.26 45.51 45.51 44.13 

  

46.54 45.82 45.82 44.56 

  

46.66 45.93 45.93 44.76 

  

46.75 45.98 45.98 44.84 

  

p = 0.000 p = 0.000 
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Table. Effect of solvent recycling on extraction and back extraction of acetic acid at 

25
0
C, equal mole and phase ratio. 

Recycle time 

Acetic acid  Extraction 

Efficiency % 

Acetic acid  back 

extraction  Efficiency % 

MAA TPHL MAA TPHL 

0 80.83 64.47 97.95 90.06 

1 80.32 64.22 97.83 90.12 

2 80.89 64.57 97.3 89.61 

3 79.9 64.51 97.86 89.69 

4 80.77 64.7 97.11 89.76 

5 80.09 64.51 97.31 89.82 

6 80.54 64.34 97.2 89.75 

7 80.08 64.41 97.01 89.88 

8 79.67 63.98 97.44 88.27 

9 79.22 63.45 97.05 88.45 

n=10 p = 0.213 p = 0.893 p= 0.366 p = 0.128 

Standard 

deviation 

0.545292 

 

0.363996 

 

0.3523 

 

0.643056 
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APPENDIX VII 

Sample Calculation 

 

Peak area of acetic acid of 1% Model solution before extraction = 4389.68 

Concentration of acetic acid of 1% Model solution before extraction  

= 4438.30/426.17   = 10.41 g/L 

TOA to acetic acid mole ratio = 3 to 1 

TOA in reaction mixture =3.54 gm 

Organic phase in reaction mixture = 20.05 ml 

Aqueous phase in reaction mixture = 20.00 ml 

 

Peak area of acetic acid of 1% Model solution after extraction = 338.52 

Concentration of acetic acid of 1% Model solution in aqueous phase after extraction  

= 338.52/426.17 = 0.79 g/L 

Mole of acetic acid of 1% Model solution in aqueous phase before extraction  

= 0.79/1000*20.05/60 = 0.00026 

 

Concentration of acetic acid of 1% Model solution in organic phase after extraction  

= (10.41-0.79) g/L = 9.62 g/L 

Mole of acetic acid of 1% Model solution in organic phase before extraction  

= 9.62/1000*20.05/60 = 0.0032 

Distribution Coefficient [acid]org/[acid]aq = 0.0032/ 0.00026 = 12.31
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