
Technical grade acetic acid is widely used in the 
manufacture of vinyl acetate monomer; polyethylene 

terephthalate; and a host of other industrial chemicals 
including ethyl and butyl acetate esters, monochloroacetic 
acid, ketene and diketene derivatives, pharmaceuticals, 
and dyestuffs. The worldwide market for technical grade 
acetic acid was about 11.9 million metric tons in 2012 and 
is expected to grow to 15 million metric tons by 2022 [1]. 
The global market for food grade acetic acid and other 
organic acids (citric, lactic, and malic acids) grows at about 
7% annually. The market for organic acids for use in food-
stuffs is expected to reach US$5.2 billion by 2018 [2]. Paper 
companies can increase their revenue by producing acetic 
acid in addition to conventional pulp and paper products. 
Because the market for acetic acid is large and growing, 
production of acetic acid at kraft mills would be small rela-
tive to the total market and would not be disruptive. 

Hardwoods contain approximately 3%–4% acetyl (CH3CO-) 
groups on a dry weight basis. The acetyl groups are located 
in hemicelluloses, primarily the glucuronoxylan polymer [3]. 
In a conventional hardwood kraft pulp mill, the acetyl groups 
end up as sodium acetate in the black liquor and are burned 
for recovery of the sodium content and energy in the recov-
ery boiler. Recent work by Patil [4] has shown that acetyl 
groups in wood hemicelluloses can be readily hydrolyzed by 
using dilute alkali at low temperature (50°C) before the pulp-

ing process to produce an aqueous solution containing ap-
proximately 15 g/L of sodium acetate [5], as in Eq. (1):

  			 

(1)

The results of semi-batch feed and bleed mode experi-
ments performed using model sodium acetate solution have 
shown that up to 170 g/L of acetic acid and 30 g/L of sodium 
hydroxide can readily be produced using bipolar membrane 
electrodialysis (BPMED) [6]. Although higher concentrations 
of sodium hydroxide can be produced using BPMED, 30 g/L 
concentration of sodium hydroxide is an appropriate target 
for caustic recycle back to the extraction step for the deacety-
lation reaction to occur. The feed and bleed mode experi-
ments also showed that the efficiency of the BPMED process 
can be improved if the sodium acetate in the raw wood ex-
tract and the accompanying chip wash liquid were concen-
trated to about 85 g/L.

Acetic acid is an attractive chemical for recovery at kraft 
mills for the following reasons. First, a significantly higher 
selling price for acetic acid can be achieved if acetic acid is 
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ABSTRACT: To determine the economic feasibility of producing acetic acid from commercial hardwood chips in 
kraft pulp mills, laboratory experiments were conducted to obtain sufficient data to perform a preliminary economic 
analysis for a proposed acetic acid recovery process. The acetyl groups in northeast hardwood were hydrolyzed 
from the xylan polymers in the wood to obtain sodium acetate. The extraction experiments were performed by 
using 4%–6% sodium hydroxide at low temperature (50°C–80°C). Sodium acetate from the extract was concentrated 
and then converted into acetic acid and sodium hydroxide by salt splitting using bipolar membrane electrodialysis 
(BPMED). Flow diagrams were prepared and cost estimates made for the capital and operating costs for the pro-
posed acetic acid recovery process. The discounted cash flow rate of return on investment was estimated for pulp 
mills in the range of 1000–2000 tons/day. A preliminary economic analysis showed that the discounted cash flow rate 
of return on investment is primarily a function of (1) the plant size, (2) the selling price of acetic acid, and (3) the con-
tent of acetyl groups present in wood species. The income for the process and thus the rate of return on investment 
increases with increasing acetyl content in the wood and selling price of the acetic acid. When food grade acetic acid 
is produced, for example, the rate of return varies between 9% and 16% depending upon the size of the pulp mill, 
assuming the wood contains 3.5% acetyl groups on a dry basis and the selling price of acetic acid is US$900/ton. 

	 Application: A process to recover acetic acid or acetate salt as a byproduct of kraft pulp mills will be useful to 
scientists and engineers who are developing the biorefinery concept.
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concentrated to about 99% by weight or converted into food 
grade reagent. A liquid-liquid extraction plant to produce food 
grade acetic acid from an effluent stream at a sulfite pulp mill 
is operated by A.G. Lenzing in Austria [7]. Second, depending 
upon the amount of sodium acetate removed from the wood, 
the use of BPMED allows recovery of most of the sodium hy-
droxide used in the extraction process at little additional cost. 
It has been shown that up to 90% of the acetyl groups present 
in the raw wood can be recovered by washing the extracted 
chips before adding effective alkali (EA) and completing the 
kraft pulping process. Finally, the proposed process can be 
fully integrated into an existing kraft mill. It has been shown 
that pulp obtained from the two-stage process has the same 
yield and physical properties as conventional kraft hardwood 
pulps provided white liquor is used in both the extraction and 
pulping stages [8].

The objectives of our work were to (1) demonstrate split-
ting of sodium acetate from hardwood caustic extract using 
BPMED and (2) present the results of a preliminary economic 
analysis for production of acetic acid in a two-stage kraft pulp-
ing process. In the present study, acetyl groups were extract-
ed in the form of sodium acetate before pulping and subse-
quently converted into acetic acid and sodium hydroxide 
using BPMED. The preliminary economic analysis was per-
formed using the data from the laboratory study. 

BACKGROUND
Retsina and coworkers evaporated the acetic acid in wood 
hydrolysate and neutralized the condensate to form acetate 
salts that were subsequently separated using reverse osmosis 
[9]. Tertiary amine-type ion exchange resin was evaluated for 
separating acetic acid from activated charcoal–treated prehy-
drolysis liquor in kraft pulp mills [10]. The results showed that 
about 66%–84% of acetic acid could be recovered using this 
method. Reactive extraction using trioctylamine/octanol was 
also evaluated for separating acetic acid from kraft prehydroly-
sis liquor [11]. About 10%–15% acetic acid solution was pro-
duced when the ratio of masses of organic to aqueous phase 
was 40 and an equimolar amount of caustic was used to re-
generate the solvent. 

Kassotis and coworkers describe converting 6% solution 
of sodium acetate into 35% acetic acid and about 8% sodium 
hydroxide using a three-compartment BPMED cell at a current 
density of 109 mA/cm2 [12]. In another laboratory-scale study 
using a three-compartment cell, 4%–12% solutions of sodium 
acetate were converted into 8%–12% acetic acid solution [13]. 
The membranes used in this study were synthesized using ion 
exchange resins. Eurodia Industry, Germany, commissioned 
a two-compartment pilot-scale BPMED unit that converted a 
byproduct stream of 22% sodium acetate into 18% acetic acid 
and 6% sodium hydroxide. The current efficiency was opti-
mum and the payback period was less than two years [14]. Yu 
and coworkers used a two-compartment BPMED system to 
concentrate a dilute 0.2% solution of acetic acid in wastewater 
to as much as 70% [15]. 

BPMED technology has been previously applied to kraft 
mills. To overcome the high capital cost of the kraft recovery 
system for small pulp mills, BPMED was studied for recover-
ing organic and inorganic salts from spent liquor [16]. A simi-
lar process has been developed for use in soda-anthraquinone 
pulping where lignin in the spent liquor was precipitated by 
the addition of acid; sugars were separated using ultrafiltra-
tion and sodium acetate was crystallized and converted into 
acetic acid and caustic using BPMED [17]. BPMED has been 
used to selectively remove chloride ion from the kraft recov-
ery cycle to prevent corrosion problems [18]. Paleologou and 
Davis applied a BPMED process to split sodium sulfate origi-
nating from the chlorine dioxide generation system into caus-
tic and sulfuric acid for internal use in the mill [19–21]. An 
economic analysis of this process showed the rate of return 
on investment was 24.6% when economic credit was given 
for both the sulfuric acid and caustic [22].

Process description
Figure 1 shows a block flow diagram of the overall process 
that consists of three sections; extraction and chip washing 
(section I), preconcentration and BPMED (section II), and 
product recovery by liquid/liquid extraction and distillation 
(section III). A detailed description of the important unit pro-
cesses follows.

Sodium acetate extraction
Wood chips are presteamed in a steaming vessel for 15 min 
and conveyed to the extraction vessel where they are extract-
ed using dilute sodium hydroxide solution for 2 h at low tem-
perature. The extraction step is conducted at 50°C (6% EA) or 
80°C (4% EA) at a liquid-to-wood (L/W) ratio of 3.5. The ex-
traction can be performed in an atmospheric vessel because 
the extraction temperature is below 100°C. The extraction 
liquor is then drained from the partially macerated wood 
chips following the extraction step and the extracted wood 
chips are washed using warm recycled water in a chip wash-
er. The chips are washed with sufficient water to remove ap-
proximately 85%–90% of the sodium acetate that was formed 
in the deacetylation reaction; the dilution factor is about 1. 
The dilute extract is sent for processing into acetic acid and 
caustic while the partially macerated wood chips are sent to 
the kraft digester for processing into brownstock pulp. 

Kraft pulping
In the second stage of the kraft pulping process, the white li-
quor charge would be adjusted to maintain the pulp yield and 
properties equal to those in a conventional one-stage kraft 
pulping process. For pulping mixed northeast hardwoods, for 
example, the total alkali applied in the two-stage pulping pro-
cess would be 14.9% EA white liquor (on a sodium oxide basis) 
at a L/W ratio of 3.5. The top temperature would be set at 160°C 
to give an H-factor of 780 h. The difference is simply that the 
alkali would be split between the two stages. For example, 
because 4% or 6% EA (sodium hydroxide) was applied in the 
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1. Modified kraft pulp mill for the production of acetic acid using bipolar membrane electrodialysis (BPMED).

extraction step, 8.9%–10.9% EA would be applied in the second 
stage. Thus, the total alkali applied would be the same in the 
two-stage process that would equal that in a conventional one-
stage process. Using this strategy, Patil [8] has shown that 
brownstock pulp with equivalent properties can be obtained. 

Converting sodium acetate into acetic acid and caustic 
The combined drained extract and wash liquor are precon-
centrated using reverse osmosis. The concentrated sodium 
acetate solution is then passed through an ion exchange col-
umn to remove multivalent ions. The resultant solution is then 
processed in the BPMED cells to produce acetic acid and so-
dium hydroxide, which is recycled back to the extraction 
process. The concentrated acetic acid is sent to liquid-liquid 
extraction and a series of distillation columns to produce gla-
cial acetic acid. The concentrated acetic acid is converted into 
food grade acetic acid to achieve a higher selling price [7].

Purification of acetic acid
Acetic acid can be recovered using a combination of liquid-
liquid extraction and fractional distillation [23]. A variety of 
solvents can be used for extracting acetic acid from water; 
notable among them are ethyl acetate, isopropyl acetate, and 
methyl tertiary butyl ether (MTBE) [24]. Reactive extraction 
using trioctylamine/octanol has also been proposed [11]. Spe-

cial techniques are sometimes employed because acetic acid 
forms an azeotrope with water. Commercial acetic acid sepa-
ration processes consist of (1) an extraction tower for remov-
ing acetic acid from the water phase, (2) a rectification tower 
for purification of the acetic acid and for recovery of the ex-
traction agent, and (3) a water-stripping tower for removal of 
water and reclaiming residual solvent. Depending on the num-
ber of equilibrium stages in the extraction tower, the residual 
concentrations of acetic acid can be reduced to between 0.1% 
and 0.5 wt% acetic acid in the extraction tower. Because the 
aqueous phase leaving the extraction tower is simultaneously 
saturated with the extraction agent, the residual solvent is re-
covered in the downstream stripping tower, which can be 
operated either as a conventional distillation tower or as a 
steam stripper by the injection of live steam.

Bipolar membrane electrodialysis
Sodium acetate can be readily split into acetic acid and sodium 
hydroxide by application of an electrical field in a BPMED cell 
(Eq. [2]):

 			   (2)

Detailed information regarding the basic principles and 
general process guidelines for BPMED are available in the lit-
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erature [25-27]. The current efficiency (η) for splitting or 
transferring a given mass of sodium acetate (W) is the ratio of 
the theoretical (CTheoretical) to the actual (CActual) charge re-
quired to transform the sodium acetate into the correspond-
ing acetic acid and sodium hydroxide (Eq. [3]):

			     				     (3)

where E = equivalent or molecular weight of sodium acetate 
(gm/equivalent), N = number of cell pairs, and F = Faraday’s 
constant (96,485 coulombs/equivalent).

The actual charge (CActual) is simply the integral of the cur-
rent (i) over the time that the voltage is applied across the cell 
pairs (Eq. [4]):

 							       (4)

where i = current (A) and t = time (s).
The electric energy (EElec) is calculated by integrating the 

product of voltage (V) and current (i) with respect to time (t). 
Eelec is the sum of the energies required for transferring ions 
from one compartment to another and decomposing water 
molecules in the bipolar membranes (Eq. [5]):

 					     (5)

The degree to which a desired ion is selectively removed 
from the feed solution is a measure of the efficiency of the 
electrodialysis system. Conventional selectivity (S) is defined 
as the ratio of molar flow rate of the desired product (acetic 
acid) to that of an undesired product. However, conventional 
selectivity is not useful for characterizing efficiency when a 
reaction system leads to the formation of more than one un-
desired product. In such cases, the relative number of moles 
of each species transported (or split) is more useful. It is de-
fined as the ratio of the number of moles of a given salt trans-
ported across the membranes to the total moles of all salts 
transported in the same direction (Eq. [6]):

 				  
(6)

where RMi = relative number of moles of a given salt (sodium 
acetate) transported across membranes or split, VF = volume 
of feed solution (m3), CF,i = concentration of an ion in feed so-
lution (mol∙m-3) at time 0 and (t), and CF = total concentration 
of all ions present in feed solution (mol∙m-3) at time 0 and (t).

EXPERIMENTAL METHODS
Pretreatment of hardwood extract

Figure 2 illustrates the procedure used to prepare the pre-
treated hardwood extracts. Although reverse osmosis is the 
proposed method for the preconcentration of wood extract, 
evaporation was used in the present study to simplify the 
laboratory work. The concentration of sodium acetate in the 
pretreated extracts following evaporation was maintained at 

2. Pretreatment of hardwood extract before use in the electrodialysis.
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47–57 g/L so that these solutions could be processed at a mid-
dle-level current density of about 40 mA/cm2. The use of 
clarified solution allows the exclusive understanding of the 
effect of different salts present in the extract on the splitting 
of sodium acetate and protects ion exchange membranes from 
possible fouling due to the lignin. However, because the acti-
vated charcoal is not easily regenerated, such type of pretreat-
ment is expensive and thus will adversely affect the econom-
ic viability of the process. Therefore, additional experiments 
were performed to demonstrate the processing of unclarified 
extract in BPMED. For practical applications, the effect of lig-
nin on ion exchange membranes can be determined by per-
forming long-term stability studies.

Detailed information about the equipment used in this 
study and the experimental procedure is given by Patil [8].

Experimental apparatus
The experimental BPMED cell was manufactured by PCCell/
PCA GmbH, Heusweiler, Germany. Figure 3 shows the  
arrangement of membranes for the unit cell pair of a three-
compartment BPMED cell. The experimental cell consisted 
of five cell pairs of cation, anion exchange, and bi-polar mem-
branes (Neosepta CMB/AHA/BP-1, Tokuyama America;  
Arlington Heights, IL, USA). The surface area of each mem-
brane was 64 cm2. Spacers were placed between adjacent 
membranes, which allowed the flow of solutions between 
the membranes. The maximum allowed voltage drop for the 
BPMED cell used in this study was 16.4 V. The equipment also 
consisted of a heat exchanger, which maintained the tem-
peratures of all solutions below 25°C.

Experimental procedure
The BPMED process was operated at constant current mode. 
All experiments were conducted in the batch recycle mode. 
The feed solution was recirculated at a flow rate of about 550 
mL/min, which corresponded to a superficial velocity of 5.1 
cm/s. It is necessary to maintain the applied current density 
below its limiting value to avoid the loss of electric energy re-
sulting from the decomposition of water at overlimiting cur-
rents. The limiting current density data for use with the equip-
ment has been reported previously [6]. In the BPMED 
experiments, the initial liquid placed in the acid-receiving 
vessel was one liter of 17 g/L sodium acetate. The initial liquid 
placed in the base-receiving vessel and the liquid used as the 
electrode rinse solution consisted of one liter each of 6 g/L 
and 40 g/L of sodium hydroxide, respectively. Approximately 
the same amounts of electric energy and charge were applied 
in the BPMED experiments using pretreated extracts. 

Small quantities of sodium formate, sodium lactate, and so-
dium glycolate would be expected to be present in the extract 
under alkaline conditions. The formate, lactate, and glycolate 
ions are byproducts of the extraction process resulting from 
alkaline peeling and stopping reactions that occur simultane-
ously with the alkaline cleavage of the acetyl groups from the 
xylan hemicellulose polymers [28]. The concentrations of so-
dium acetate, sodium formate, sodium lactate, and sodium 
glycolate were measured at the conclusion of each experiment 
following conversion to their corresponding acid forms using 
high performance liquid chromatography (HPLC). Thus, the 
total concentration of all acids present in the final acid solution 
was separately determined by titration with base. This inde-

3. Arrangement of ion-exchange membranes in the BPMED cell.
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pendent check was thought necessary because HPLC measure-
ments might not identify all the component acids present in 
the acid solution. Sodium hydroxide was analyzed by titrating 
a sample of synthetic extract with 0.1 N hydrochloric acid.

	
METHODOLOGY FOR PRELIMINARY 

ECONOMIC ANALYSIS
The economic analysis was performed by estimating the cap-
ital investment and operating cost using standard methods 
described by Turton and coworkers [29]. The viability of the 
project was determined by estimating the discounted cash 
flow rate of return and payback period for the process.  
Table I shows the major assumptions made in this analysis. 
It was also assumed that mills would have sufficient utilities 
(waste treatment and steam generating capacity) to accom-
modate the new acetic acid process and no new capital would 
be incurred for upgrading these facilities. Only costs associ-
ated with tying the new process into the mill utility system 
were included in the analysis. The size of the kraft pulp mill 
was considered a parameter in the economic analysis. The 
analysis was performed for four plant sizes: a small plant  
(500 tons/day), a medium size plant (1000 tons/day), and two 
large (1500 and 2000 tons/day) kraft pulp mills.

RESULTS AND DISCUSSION
Composition of extract

Table II summarizes the composition and volumes of the 
pretreated (feed) solutions used in the BPMED experiments, 
as well as the concentration of the raw hardwood extract. A 
variety of sodium compounds are present in the extract in 
addition to sodium acetate, even at the low temperature used 
in the extraction experiments (80°C). Notably among these 
lesser compounds found in the raw extract are sodium for-
mate, sodium lactate, and sodium glycolate, as well as lignin 
and component sugars. Because sodium formate and sodium 
lactate were also present in the extracts, it was expected that 
smaller quantities of formic and lactic acids would be present 
in the acid compartment in addition to the desired acetic acid 
product. For the extraction experiments conducted at 50°C, 
a similar concentration of sodium acetate was obtained, but 
lesser quantities of sodium formate, sodium lactate, and so-
dium glycolate were present in the extract [8].

Salt splitting experiments using pretreated 
and concentrated extracts 

Figures 4 and 5 show the variation in the concentrations of 
the salt feed solution and the acid and base product solutions 
for the BPMED experiments using the clarified and unclarified 
extracts, respectively. Only the initial and final concentration 
points were sampled and thus appear on the graphs. By com-
paring these figures, it can be seen that approximately the 
same amounts of salts were decomposed in both experiments. 
The total concentration of all acids present in the final acid 
solution from each experiment was about 0.36–0.38 
equivalent/L. Similarly, the final base solutions contained 
about 0.56–0.58 equivalent/L of caustic.

Tables III, IV, V, and VI summarize the composition 
data obtained in the BPMED experiments. Because both the 
clarified and unclarified feed solutions contained small 
amounts of sodium formate and sodium lactate, these salts 
were subsequently converted into the corresponding acids 
and sodium hydroxide in the BPMED electrochemical reactor. 
However, the total sugars and the lignin were predominately 
retained in the feed solutions and did not penetrate the mem-
branes. The small amounts of sugars transferred from the salt 
to the acid and base solutions are thought to occur by diffu-
sion because the component sugars are not charged. For the 
BPMED experiment performed using the clarified extract, the 

Parameter Value

Acetic acid selling price  
(reagent and food grade)

US$600–900/ton

Pulp mill size 500–2000 tons/day

Acetyl group content in wood 3%–4% (on dry basis)

Fractional recovery of acetic acid 90% (with chip washing)

Project life 10 years

Startup period 18 months

Operating factor 95%

Tax rate 35%

Working capital
5% of fixed capital 

investment

Depreciation
Modified accelerated 
cost recovery system

Financing 100% equity, no loan

I. Assumptions used in the economic analysis.

Extract Type Concentration, g/L

pH
Volume,  

LSodium  
Acetate

Sodium 
Formate

Sodium 
Lactate

Sodium 
Glycolate

Total 
Lignin

Total 
Sugars

Raw extract (dilute) 14.60 1.55 0.28 0.69 4.52 0.76 12.2 ---

Concentrated unclarified extract 46.20 3.24 1.72 1.93 12.07 2.11 10.2 1.74

Concentrated clarified extract 56.50 3.28 1.18 1.09 0.62 0.25 10.5 1.64

II. Composition of pretreated hardwood extract (4% effective alkali [EA], 0% sulfidity, and 80°C; liquor-to-wood ratio [L/W] = 4).



BIOREFINERY

MAY 2017 | VOL. 16 NO. 5 | TAPPI JOURNAL  293

4. Concentration profiles for the BPMED experiment performed using clarified extract.

5. Concentration profiles for the BPMED experiment performed using unclarified extract.

III. Composition of salt and base solutions for the BPMED experiment performed using clarified extract (4% EA, 0% S, and 80°C;  
L/W = 4).

Concentrations, equivalents/L Total 
Lignin, 

g/L

Total 
Sugars, 

g/L
pH

Volume,  
L

Solution
Sodium  
Acetate

Sodium 
Formate

Sodium 
Lactate

Sodium 
Hydroxide

Initial salt 0.69 0.05 0.0105 0 0.62 0.25 10.5 1.64

Final salt 0.40 0.01 0.0060 0 0.48 0.23 11.5 1.54

Initial base 0 0 0 0.15 0 0 --- 1.00

Final base 0.0012 0 0 0.58 0.0036 0.0040 --- 1.11
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total acid concentration determined using titration was about 
10% higher than the HPLC measurement whereas, for the ex-
periment with the unclarified extract, both values were al-
most equal.

Table VII shows the current efficiencies, the specific 
electric energy, the selectivity, and the relative number of 
moles of each species split in the BPMED experiments per-
formed using pretreated extracts with compositions of about 
45 g/L of sodium acetate in the feed. The current efficiencies 

and specific energies for the experiments performed with the 
pretreated extracts were similar to those of the experiments 
performed using model sodium acetate solution. The relative 
number of moles of each species split also indicates the frac-
tion of the total useful electric energy spent for splitting the 
given salt molecule. Because the model sodium acetate solu-
tion contained only sodium acetate along with water, all of 
the useful electric energy was spent for splitting only sodium 
acetate. The pretreated extract contained additional salts such 

Solution

Concentrations, equivalents/L
Total  

Lignin, 
g/L

Total 
Sugars, 

g/L

Volume,  
LSodium  

Acetate
Formic 

Acid
Lactic  
Acid

Acetic  
Acid

Total  
Acids, by 

HPLC*

Total 
Acids, by 
Titration

Initial acid 0.21 0 0 0 0 0 0 0 1.00

Final acid 0.18 0.0450 0.0056 0.3075 0.3581 0.4040 0.26 0.043 1.16

Composition of Final Acid Solution, g/L

Formic Acid Lactic Acid Acetic Acid

Final acid 2.1 0.5 18.5

* HPLC = high performance liquid chromatography

Solution

Concentrations, equivalents/L
Total  

Lignin,  
g/L

Total 
Sugars, 

g/L

Volume,  
LSodium  

Acetate
Formic 

Acid
Lactic  
Acid

Acetic  
Acid

Total  
Acids, by 

HPLC*

Total 
Acids, by 
Titration

Initial acid 0.21 0 0 0 0 0 0 0 1.00

Final acid 0.18 0.0537 0.0113 0.3150 0.3800 0.3860 0.24 0.003 1.16

Composition of Final Acid Solution, g/L

Formic Acid Lactic Acid Acetic Acid

Final acid 2.5 1.0 18.9

* HPLC = high performance liquid chromatography

IV. Composition of acid solution for the BPMED experiment performed using clarified extract (4% EA, 0% S, and 80°C; L/W = 4).

V. Composition of salt and base solutions for the BPMED experiment performed using unclarified extract (4% EA, 0% S, and 80°C; 
L/W = 4).

VI. Composition of acid solution for the BPMED experiment performed using unclarified extract (4% EA, 0% S, and 80°C; L/W = 4).

Concentrations, equivalents/L Total 
Lignin, 

g/L

Total 
Sugars, 

g/L
pH

Volume,  
L

Solution
Sodium  
Acetate

Sodium 
Formate

Sodium 
Lactate

Sodium 
Hydroxide

Initial salt 0.56 0.05 0.0154 0 12.07 2.11 10.2 1.74

Final salt 0.32 0.01 0.0078 0 11.65 2.11 10.8 1.67

Initial base 0 0 0 0.15 0 0 -- 1.00

Final base 0.0021 0 0 0.56 0.0034 0.004 -- 1.11
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as sodium formate, sodium lactate, and sodium glycolate, 
which were also split along with sodium acetate. Hence, about 
13%–15% of the useful electric energy was lost in splitting 
these additional salts.

 Selectivity values shown in Table VII were calculated using 
Eq. (6). Selectivity data show that about 5–6 moles of acetic 
acid were formed for every mole of undesired product.

These experiments suggest that BPMED can be used to 
obtain a clear solution of concentrated acetic acid together 
with smaller quantities of formic acid and lactic acid, pro-
vided that the presence of lignin in the feed-salt solution does 
not lead to appreciable fouling of the membranes over ex-
tended run times. The mass balances for the major compo-
nents of the extracts, such as sodium acetate, sodium for-
mate, and lignin, could be close to 90%–100% depending 
upon the species. 

	
Results of economic analysis

Acetic acid production rates
Figure 6 shows the rate of production of acetic acid as a 
function of pulp mill size. When chip washing is included in 
the process, about 40–160 tons/day of acetic acid can be pro-
duced depending upon the size of the pulp mill. If the extract 
is simply drained from the chips and no washing is performed, 
then only about 75% of these values can be obtained.

Estimation of capital cost
The capital cost for the process was estimated by using a 

combination of vendor estimates for the major pieces of 
equipment and estimates obtained from the CAPCOST cost 
estimating program for the less important equipment in the 
process [29]. CAPCOST presents a series of tables and graphs 
for estimating the capital cost of various pieces of process 
equipment in terms of what is called the bare module cost. 
The bare module cost program represents the sum of the di-
rect and indirect costs associated with each piece of equip-
ment. The direct costs involve the equipment FOB cost, as 
well as materials and labor for installation. The indirect costs 
involve freight charges, insurance, taxes, construction over-
head, and contractor engineering expenses. The grassroots 
capital costs include the bare module cost plus all direct and 
indirect costs, contingency fees, and auxiliary cost for site 
development.

An estimate of the total bare module cost for the extrac-
tion vessel and chip washing system was obtained from An-
dritz Inc. (Alpharetta, GA, USA). The extraction reaction was 
assumed to be conducted in chip bins because the extraction 
temperature is below 100°C. To achieve a 2-h time, the chip 
flow was split between two chip bins operating in parallel. 
The total bare module cost for the reverse osmosis, ion ex-
change, and bipolar membrane electrodialysis equipment 
was obtained from the Ameridia Division of Eurodia Industrie 
(Somerset, NJ, USA). About half of the cost estimate from 
Ameridia is associated with the membranes used in BPMED 
cells. The cost estimates obtained from the vendors for both 
sections I and II were obtained for a 1000 tons/day and  

Parameters

Type of Feed Solution*

Synthetic Sodium 
Acetate Solution

Clarified 
Extract

Unclarified  
Extract

Current efficiency for total acids (per HPLC** data), % 76 68 76

Current efficiency for base, % 80 81 81

Specific electric energy, kJ/equivalent of acid formed 382 424 411

Relative number of moles of each species split, %

Sodium acetate 100 87.4 84.3

Sodium formate ------ 11.1 12.9

Sodium lactate ------ 1.5 2.8

Selectivity, moles of each acid formed per unit mole  

of formic and lactic acids formed

Acetic acid ------ 5.87 6.83

Formic acid ------ 1.00 1.00

Lactic acid ------ 0.21 0.12

* The concentrations of the sodium salts in the feed solutions are summarized in Tables III and V.

** HPLC = high performance liquid chromatography.

VII. Summary of the BPMED experiments performed using pretreated extracts (4% EA, 0% S, and 80°C; L/W = 4).
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1500 tons/day pulp mill, respectively. These values were 
scaled to the other mill sizes using the power law scaling rule 
[29], as in Eq. (7):

 
			    					   
		  (7)

where PA and PB = size of pulp mills A and B; CA and CB = cap-
ital cost of process for mills A and B; and n = scaling cost ex-
ponent.

The scaling exponent (n) for section II (reverse osmosis, 
ion exchange, and BPMED) was taken to be 0.8 because the 
surface area of membranes increases linearly with increase 
in acetic acid production rate. The scaling factor for the re-
maining equipment in sections I and III of the process was 
scaled by using a scaling factor of 0.6. MTBE was used as the 
solvent in the liquid-liquid extraction process. The capital 
costs for the liquid-liquid extraction tower for removal of ace-
tic acid from the solvent, the rectification tower for purifica-

tion of acetic acid and solvent recovery, and the stripping 
tower for scalping residual solvent were obtained using  
CAPCOST. 

A contingency factor of 18% was applied to the total bare 
module cost (CBM) when estimating the grassroot capital cost 
(CGR) for the process. Another 20% of the total bare module 
cost was included for site development, auxiliary buildings, 
and utility connections. Thus, the grassroots cost for the pro-
cess was assumed to be 38% greater than the total bare mod-
ule or installed equipment cost (Eq. [8]):

 
 						          (8)

	

Figure 7 shows the total grassroot capital cost for the 
acetic acid process. The project cost was estimated to be be-
tween US$28 million and US$75 million depending upon the 
size of the pulp mill (500–2000 tons/day).

6. Rate of production of acetic acid in kraft pulp mill using BPMED. 

7. Grassroot capital cost as function of pulp mill size.
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Estimation of operating costs
Because only 90% of the caustic used in the extraction process is 
recovered, the remaining 10% of the caustic requirements neces-
sary for the extraction need to be purchased at a cost of US$530/
ton. Because the BPMED process produces caustic, this is equiva-
lent to extending the chemical recovery process. Utilities required 
by the process are water and electricity costs for the BPMED pro-
cess. The number of operators required for this process was cal-
culated by following the method described by Turton and cowork-
ers [29]. It was assumed that this plant will have one shift 
supervisor, one laboratory technician, and 13 process operators. 
The major maintenance and supplies cost is due to the replace-
ment of the membranes used in BPMED processes. The other 
maintenance costs, taxes, and overhead were calculated using the 
multiplication factors given by Turton and coworkers [29]. Fig-
ure 8 shows the operating costs as a function of pulp mill size. 
The total operating cost varied from US$10 million to US$33 mil-
lion per year, depending upon the pulp mill size.

Discounted cash flow rate of return
In the discounted cash flow rate of return (DCFROR) method, 
the economic feasibility of a project is determined by compar-
ing the calculated discounted rate of return with the cost of 
capital, which is considered to be the minimum acceptable 
rate of return. An example of the discounted cash flow dia-
gram is illustrated in Fig. 9 for the case of a 2000 tons/day 
pulp mill producing food grade acetic acid as a byproduct. In 
this analysis, the selling price for food grade acetic acid was 
assumed to be US$900/ton, and the rate of return on invest-
ment was estimated to be 16%. The payback period was esti-
mated to be 6 years. This case was one of the best evaluated 
because of the large plant size and high selling price.  
Figure 10 summarizes the results of the economic analysis 
for all of the cases evaluated. 

As the pulp mill size increases, DCFROR increases because 
additional product is produced and the operating cost per unit of 
product is reduced. The highest DCFROR was 16%, which was 

8. Operating costs as a function of pulp mill size.

9. Example of discounted cash flow diagram (HAC = acetic acid).
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obtained for the case with the highest acetic acid selling price 
(US$900/ton) and for a large pulp mill size (2000 tons/day).  
However, the process did not prove it was profitable to install 
the acetic acid process if the selling price of acetic acid was 
below US$900/ton. Thus, food grade acetic acid must be pro-
duced for the process to be profitable.

Effect of acetyl group content on rate of return
The process becomes more profitable as the amount of acetyl 
groups in wood increases (Fig. 11). This figure shows the 
economic analysis when the selling price is US$750/ton for 
technical grade acetic acid. DCFROR increases for the 4.0% 
acetyl group case compared with the 3.5% case results from 
the increase in the rate of production of acetic acid, which in 
turn lowers the unit cost of production. White birch (4.4%), 

eucalyptus (3.9%), white elm (3.9%), beech (3.9%), and red 
maple (3.9%) contain high amount of acetyl groups [28,30]. 
The acetyl groups measured in this study using commercial 
mixed northeast hardwoods contain about 3.5% acetyl groups 
on a dry mass basis; therefore, some improvement in process 
economics is possible if wood with higher acetyl content is 
used.

	
Process uncertainties

Several uncertainties exist in the present analysis that war-
rant further investigation. First, the increase in manufactur-
ing cost for producing food grade rather than technical grade 
acetic acid is associated with increased costs for product pu-
rification. These costs arise from the increase in steam and 
process water required in the distillation processes to meet 

10. Discounted cash flow rate of return on investment (HAC = acetic acid).

11. Effect of acetyl group content on rate of return (HAC = acetic acid).
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the higher purity requirements for the food grade acetic acid. 
No costs other than those associated with distillation were 
considered for removing formic, lactic, and glycolic acids. 
This is justified by conducting the extraction reaction at 50°C 
rather than 80°C, where experimentally it is seen that little 
if any sodium formate, sodium lactate, and sodium glycolate 
are formed. No credit was taken for any potential cost savings 
associated with the kraft process. Second, because caustic is 
being generated electrochemically in the BPMED unit, this 
could conceivably lead to cost reductions associated with the 
lime cycle and causticization process. Lastly, it should be pos-
sible to supply 85%–95% of the caustic requirements in the 
extraction step from the caustic recovered from the salt split-
ting process. The required L/W ratio in the extraction vessel 
to meet the concentration requirements to drive the deacet-
ylation reaction would be satisfied by recycling extract back 
to the vessel, much like what is done with dilute black liquor 
in the kraft process. 

CONCLUSIONS
The results of the BPMED experiments performed using pre-
treated extracts were similar to those obtained using model 
sodium acetate solution previously reported [6]. However, an 
increase of about 15% in the consumption of electric energy 
occurred when the real extract was used. This loss is caused 
by the transport of additional sodium salts present in the ex-
tract originating from sodium formate, sodium lactate, and 
sodium glycolate. The loss is expected to be smaller when 
extraction is performed at 50°C rather than at 80°C. Lignin 
and sugars were retained in the feed solution and the acetic 
acid recovered was not discolored. Hence, it was concluded 
that BPMPED can be used to obtain a clear solution of concen-
trated acetic acid, provided the presence of lignin in the feed 
solution does not lead to membrane fouling when the appara-
tus is operated over extended periods. If fouling occurs, then 
membrane life would be shortened and operating cost would 
be increased.

Possibly, the formic and lactic acids in the acetic acid prod-
uct could be recovered and sold as additional byproducts. 
However, their concentration in the acetic acid solution is 
low and thus most likely not practical to separate and recov-
er economically. In the present analysis, it was assumed that 
any formic, lactic, and glycolic acids were not recovered and 
hence no credit was taken as possible byproducts. 

The rate of return on investment for the acetic acid pro-
cess is a function of plant size, selling price of acetic acid, and 
amount of acetyl groups in the wood. The economic analysis 
showed that the acetic acid process is profitable for the large 
plants when food grade acetic acid is recovered and the wood 
contains appreciable quantities of acetic acid. The rate of re-
turn varies between 9% and 16% depending upon the size of 
the pulp mill (1000–2000 tons/day) for the case where the 
selling price of acetic acid is US$900/ton and the acetyl con-
tained in the wood chips is 3.5% on dry weight basis. Al-
though the rate of production of wood-based acetic acid is 

much smaller than in modern acetic acid plants, the process 
discussed here, if implemented, could lead to positive reve-
nue for some hardwood kraft pulp mills. TJ
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