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A crucial first step in developing a novel cost-effective and environment-friendly process for recovering
tartaric acid and bioactive polyphenolic compounds from wine lees involves tartrates dissolution by mild
means, aiming to maximize tartaric acid recovery, while minimizing the concentration of undesirable
potassium. Such a processing step, using cation exchange resin, has been systematically assessed to
obtain a set of near-optimum values of the key variables (i.e. pH, water dosage and cation exchange resin
dosage). An experimental design was carried out based on Central Composite Design (CCD) with
Response Surface Methodology (RSM) to evaluate the effects of process parameters and their interaction
towards the attainment of optimum conditions. All three variables considered were found to be signifi-
cant; however, the most influential factor for maximum tartaric acid concentration was the volume of
added water, whereas for potassium removal the cation exchange resin dosage. A quadratic model was
developed that fitted well to the experimental data confirmed by the high R2 values, greater than 0.98.
A set of optimum values of the three main variables was determined to be pH = 3.0, water dosage
10 ml/g dry lees and resin dosage 3.5 g/g dry lees. Under these optimum conditions, the predicted tartaric
acid and potassium concentration were 43,143 ppm and 178 ppm, respectively, which correspond to
74.9% tartaric acid recovery and 98.8% potassium removal. Furthermore, the corresponding experimental
values, from the validation experiment, fitted well to these predictions. This work clearly shows that the
recovery of tartaric acid from wine lees can be achieved using cation exchange resin, under mild condi-
tions (ambient temperature) avoiding the waste calcium sulfate sludge of the conventional process.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Tartaric acid is a white crystalline diprotic organic acid
(C4H6O6), which finds many applications as an acidification agent,
antioxidant, taste enhancer etc. in the winery, food industry, bak-
ery and pharmaceutical industry. Other uses include the produc-
tion of emulsifiers, in cement and gypsum as a retardant, as a
chelating agent in soil fertilizers, for polishing and cleaning in
the metal industry, and in the chemical industry [1]. The estimated
world market of tartaric acid is approx. 50,000–70,000 tons per
year [2]. Tartaric acid occurs naturally in many plants and can be
recovered from various natural products, mainly from winery by-
products [1]; other sources of tartaric acid are bio-technological
processes [3–6] or synthesis via the peroxidation of maleic
anhydride [7].
The winemaking process generates a significant amount of resi-
dues whose management and disposal raise serious environmental
concerns [8–10]. However, the winery residues are major starting
materials for the production of TA; such residues include wine lees,
i.e. the deposits of dead yeasts, particulates and other precipitates
to the bottom of wine vats after fermentation or stabilization,
together with wine tartars i.e. the crystalline deposits on the walls
of the wine vats during ageing and/or cold stabilization of wine [1].
The concentration of tartrate species is reported to be
100–150 kg/ton of wine lees [11] or 190–380 kg/ton of lees [1],
whereas in wine tartars the concentration of tartrate species may
be as high as 80–90% w/w [1]. Differences in the reported values
may be attributed to the variety and maturity of the grapes, the
cultivation techniques, the soil and climate conditions, and the
winemaking process. Wine lees also contain a significant amount
of bio-active compounds (i.e. polyphenolic substances,
anthocyanins, etc.), whose health benefits have attracted the inter-
est of researchers, food and nutraceutical industry [8,10,12].
Polyphenolic substances in wine lees have been quantified, varying
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between 1.9 and 16.3 g/kg on a dry basis [8] and 1895 ± 239 mg/L
on a wet basis [13].

Tartaric acid in wine lees exists mainly in the form of the spar-
ingly soluble potassium bitartrate and, to a lesser extent, calcium
tartrate crystals, together with dead yeast, particulate solids and
other organic substances. The traditional method of recovery com-
prises drying and grinding of wine lees, followed by dilution of
potassium bitartrate with hot water (70 �C), separation from par-
ticulate residues, and the addition of calcium salts or lime to pre-
cipitate as calcium tartrate. The latter is separated from the
mother liquor containing the potassium ions and decomposed with
sulfuric acid yielding tartaric acid solution and insoluble sludge of
calcium sulfate, discharged as a waste. The tartaric acid solution is
further purified with activated carbon for decolorization and with
ion-exchange for the removal of excess sulfuric anions. Finally, the
tartaric acid solution is concentrated under vacuum and passed to
a crystallizer to obtain the solid tartaric acid [1]. The traditional
processes lead to high recovery ratios of tartaric acid (80–85%)
[14]; however they are complicated, costly, labor intensive, and
environmentally offensive, due to the significant quantities of
obnoxious calcium sulfate sludge [15,16].

Development of alternative methods for the recovery of tartaric
acid is of great interest and include electrodialysis [17–19], organic
extraction [20,21], and adsorption of tartaric ion on anion
exchange resins [22–24]. These processes are applicable to aque-
ous streams containing dissolved tartaric acid or tartaric salts
(i.e. wastewater from juice industry or washing waters fromwiner-
ies); however, a preparatory step for tartaric acid dissolution is
required in the case of wine lees that contain tartaric acid in solid
form. Furthermore, in the case of anion exchange adsorption,
regeneration of saturated resins would result in a liquid stream
containing a tartaric salt that would need further treatment to
obtain tartaric acid in its acid form.

Pressure-driven membrane technologies in their many configu-
rations are widely used throughout the food processing and wine
making industry. Membranes in food industries can be used for a
variety of processes including selective separation of specific com-
pounds, clarification of liquid streams as well as concentration of
dissolved substances [25]. The success of membrane technology
in the food and beverage market is due to the inherent advantages
of this technology, that include: gentle product treatment at low to
moderate temperatures, high selectivity, low energy consumption
compared to conventional technologies (e.g. condensers and evap-
orators) and modular design that permits adaptation to a broad
range of plant [26]. To the best of the authors’ knowledge, there
are no reported data on the use of pressure-driven membrane
operations for the separation and recovery of tartaric acid from
wine lees and tartrates. Considering the physical state of these
winemaking by-products (watery sludge or crystals), a preparatory
step is necessary for the dissolution of the tartaric acid and the
implementation of a membrane-based recovery method.

The objective of the work reported herein is the development
and optimization of a cost-effective and environment friendly pro-
cess for the dissolution of tartaric acid from wine lees, which could
be used as a pre-treatment step in the context of a membrane-
based methodology for the recovery and separation of tartaric acid.
This process step aims to minimize the use of chemicals and elim-
inate obnoxious waste streams, to permit the simultaneous recov-
ery of the co-existing bio-active compounds, and to be easily
implemented (e.g. at ambient temperature and pressure) in winer-
ies. Considering that various factors may affect the efficiency of
such a process, and that there may be interactions between the
analyzed factors, difficult to assess, a Response Surface Methodol-
ogy (RSM) has been applied as an appropriate experimental design
tool that can greatly reduce the number of necessary experiments,
and provide a set of mathematical equations for the theoretical
process optimization [27].
2. Process background

Tartaric acid in wine lees exists mainly in the form of the spar-
ingly soluble potassium bitartrate (KC4H5O6), which has a low sol-
ubility compared to that of tartaric acid; the respective solubilities,
at 20 �C, are 0.57 and 147 g/100 g H2O [1]. Potassium bitartrate
equilibrium in water is as follows:

KC4H5O6ðsÞ ()Ksp
KþðaqÞ þ C4H5O

�
6 ðaqÞ ð1Þ

According to LeChatelier principle, the dissolution of potassium
bitartrate is favored when the concentration of the potassium and
bitartrate ions decrease. Furthermore, tartaric acid is a diprotic acid
that has two dissociation constants pKa1 = 2.98 and pKa2 = 4.34; the
relative concentrationof eachof the three tartaric acid forms, i.e. free
acid, bitartrate or tartrate anion is given by the following equilibria:

C4H6O6ðaqÞ ()pKa1
C4H5O

�
6 ðaqÞ þHþ ()pKa2

C4H5O
�2
6 þ 2HþðaqÞ ð2Þ

Considering that the relative concentration of bitartrate ion is
dependent on H+ concentration, adjustment of pH value can be
used to reduce the bitartrate concentration in the solution and thus
increase the solubility of potassium bitartrate. In the usual pH val-
ues of wine, the relative concentration of bitartrate varies between
50 and 70%, whereas at lower (i.e. <2.0) and higher (i.e. >5.0) pH
values the relative concentration drops to less than 10% [28].

The dilution with water, and pH adjustment through the addi-
tion of HCl have been studied [29] for the dissolution of tartrates
from white and red wine lees. The volume of HCl, temperature
and reaction time have been optimized, to maximize dissolution
of potassium bitartrate, through a factorial design experimental
procedure. The optimum values concerning temperature, HCl
addition and dissolution time have been determined to be 20 �C,
8–10 ml HCl (37%) per 100 ml of wet white or red lees, and
5.0–9.0 min, respectively. Approximately, the same conditions
have been used [30] for dissolution of tartaric acid from dried
red wine lees; i.e. 3.15 L H2O per kg of dry lees, together with
0.361 L HCl (37%) for 10 min, at 20 �C. Dissolution of potassium
bitartrate has been also achieved through the adjustment of pH
to higher values through the addition of KOH [11,31]. An aqueous
solution of KOH is added until reaching a pH value 8 [11] or 7–8
[31], and heated at approx. 60–80 �C.

Another approach to facilitate potassium bitartrate dissolution,
while minimizing the addition of acids or bases, is the removal of
K+ from the solution using strong cation exchange resins. Accord-
ing to Eq. (1), reduction of K+ concentration promotes the dissolu-
tion of potassium bitartrate, whereas at the same time K+ are
separated from the other valuable compounds (i.e. polyphenolic
substances, anthocyanines etc.) of the wine lees, which can be
exploited further. Many factors, such as dissolution time and tem-
perature, water dosage, pH and ion-exchange resin dosage can
influence the aforementioned dissolution process. The conven-
tional approach for the optimization of a multivariable system is
usually to deal with one variable at a time. This can be very
time-consuming, especially with multi-parameter systems; more-
over, when interactions exist between the variables, it is unlikely
to find the true optimum processing conditions. As a package of
statistical and mathematical techniques employed for process
development, and optimization, RSM can be effectively used to
evaluate the effects of multiple factors and their interaction on
one or more response variables [32]. One of the advantages of this
method is its capability to take into account the interactions
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among different variables as opposed to traditional one variable at
a time analysis [33–37]. In this work, a statistical approach was
chosen based on a factorial experimental design that allows one
to infer the effect of the variables by performing a relatively small
number of experiments [38]. Preliminary tests were done in order
to specify the effect of time and temperature on potassium bitar-
trate dissolution, whereas the effect of water dosage, pH and ion-
exchange resin dosage were analyzed in detail based on a two
level, Central Composite Design (CCD) procedure.
3. Materials and methods

3.1. Materials

Red wine lees were provided by a 600 ha winery (Ktima Gero-
vasileiou, Epanomi, Greece) producing wine from various local
(Limnio, Mavroudi, Mavrotragano) as well as international grape
varieties (Syrah, Merlot). The wine lees were collected from the
bottom of a stainless steel wine stabilization tank. The collected
wine lees were immediately transferred and stored in a freezer
(�20 �C). Before using in this study, wine lees were dried at
40 �C, till no further weight loss (water) could be measured, and
stored in a desiccator. Strongly acidic, gelular cation exchange
resin used was Lewatit� MonoPlus S 108 H; prior to use it was pre-
pared according to the manufacturer protocol. Deionized water
and chemical reagents (Sigma–Aldrich) of analytical grade were
used in all experiments.

3.2. Analytical determination

3.2.1. Characterization of the wine lees
Water content in wine lees was measured according to the EN

12880:2000 [39] method. Electrical conductivity and pH were
determined according to Standard Methods for the Examination
ofWater andWastewater [40]. Total solids were measured through
drying at 105 �C till no further weight loss (water) could be mea-
sured, according to APHA [40]. Total polyphenolic substances were
measured, according to a modified Folin–Ciocalteu method at
750 nm, proposed by Box [41], directly after the appropriate sample
dilution. The result are expressed as mg L�1 of gallic acid equivalent
(GAE). Total polyphenolic content of wine lees were estimated after
an appropriate, two step recovery process. Specifically, 0.2 g of
dried wine lees were dissolved with 10% w/w HCl at a ratio of
1:25 w/w and stirred for 24 h at 200 rpm and 40 �C. The solution
was centrifuged at 8000 � g at 4 �C for 15 min, and total polypheno-
lic substances was measured at the supernatant (step A). The pellet
was then extracted twice with acetone at a ratio of 1:30 w/w for 4 h
at 20 �C and the polyphenolic content was also determined in the
extracts (step B). Total polyphenolic content was estimated as the
sum of the mass of polyphenolic substances in the supernatant
(step A) and the acetone extracts (step B). Total tartaric acid content
in wine lees was measured after repeated dissolution with H2SO4.
Specifically, 0.1 g of dry wine lees were dissolved in 10 mL 6 N
H2SO4 for 30 min under magnetic stirring at ambient temperature
(i.e. 20–25 �C). The solution was centrifuged at 8000 � g at 4 �C
for 15 min and tartaric acid concentration was measured in the
supernatant using reverse-phase HPLC (3.2.3). The pellet was fur-
ther dissolved in 10 mL 6 N H2SO4 and the process was repeated
until no tartaric acid could be measured in the supernatant. The
total content of tartaric acid was estimated as the sum of the
tartaric acid mass in the obtained supernatants.

3.2.2. Ion chromatography
Potassium concentration was measured using a Metrohm 690

Ion Chromatograph coupled with a Metrohm 697 IC Pump and
fitted with a Metrosep C4–150/4.0 (Metrohm) column,
150.0 mm � 4.0 mm (i.d.) at 25 �C. The mobile phase of the applied
isocratic elution consisted of 1.7 mmol/L nitric acid +0.7 mmol/L
dipicolinic acid at a flow rate of 0.9 mL/min. The injection volume
of the samples was 10 lL.

3.2.3. HPLC-DAD analysis
Tartaric acid concentration was determined by reversed–phase

HPLC using a Shimadzu (LC-10AD VP) liquid chromatograph fitted
with a AQUASIL C18 (Thermo Scientific) column, 5 lm,
250 mm � 4.6 mm (i.d.) at 45 �C, and coupled with a Diode Array
Detector (SPD-M20A) (Shimadzu) at 210 nm. The mobile phase of
the applied isocratic elution consisted of 0.05 M KH2PO4 (pH
2.81) at a flow rate of 1.25 mL/min. The injection volume of the
samples was 20 lL.

3.3. Preliminary experiments

Preliminary experiments were performed to assess the effect of
time and temperature on tartaric acid dissolution. To reduce com-
plexity, preliminary tests were performed without the addition of
ion-exchange resin. An amount of dried wine lees was diluted with
DI water at three different dilution rates (i.e. �10, �20, and
�30 ml/g of dried lees), acidified with H2SO4 solution (24 N) at
pH = 2.0 and stirred at 300 rpm with a magnetic stirrer for 24 h
at ambient temperature (i.e. 23 �C). Samples were obtained after
2, 4, and 24 h, centrifuged at 8000 � g for 15 min at 4 �C to remove
particulate matter, and the tartaric acid concentration was mea-
sured at the supernatant; the recovery of tartaric acid was esti-
mated as the ratio of the mass of the soluble tartaric acid at the
supernatant to the total tartaric acid content of the wine lees. To
estimate the effect of temperature on the dissolution rate, the same
experimental procedure was repeated for two different dilution
rates (i.e. �10 and �20 ml/g of dried lees) and slightly higher tem-
perature (i.e. 40 �C). Higher temperatures were not considered
given that further heating greatly increases energy consumption
and the risk of bioactive compounds quality deterioration.

3.4. Experimental design and statistical analysis

Experimental design for optimizing the tartaric acid dissolution
process was carried out using the RSM; two optimization criteria
were set: a. maximizing the concentration of dissolved tartaric acid,
and b. minimizing the concentration of potassium cation in the
water phase. RSM was used to assess the relationship between
response (tartaric acid and potassium concentration) and three
independent variables, as well as to optimize the relevant condi-
tions of variables in order to predict the best value of responses. Cen-
tral Composite Design (CCD), the most widely used approach of
RSM, and specifically a Face Centered Composite (FCC) design, was
employed to determine the effect of water dosage, pH and ion-
exchange resindosage on tartaric acid andpotassiumconcentration.

An amount of dried wine lees was diluted with DI water at the
selected dilution rate (i.e. �10, �20, or �30 ml/g of dried lees),
acidified with H2SO4 solution (24 N) at the desired pH value (i.e.
2.0, 2.5 or 3.0), and an amount of cation exchange resin was added
according to the experimental protocol (i.e. 2, 4 or 6 g dry resin/g
dry lees). The mixture was stirred at 300 rpm with a magnetic stir-
rer for 4 h at ambient temperature (i.e. 20–25 �C). Samples were
obtained and centrifuged at 8000 � g for 15 min at 4 �C to remove
particulate matter and cation exchange resin, and the tartaric acid
and K+ concentration was measured at the supernatant.

FCC and RSM were established with the help of the Design
Expert v7.0.0 software program (Stat-Ease, Inc., Minneapolis, MN,
USA). The three significant independent variables considered in
RSM i.e. pH (Factor 1), water dosage (Factor 2), and ion-exchange



Table 1
Independent variables of the FCC design.

Level of value Factor A Factor B Factor C
pH Water (ml/g dry lees) Resin

(g dry resin/g dry lees)

�1 2 10 2
0 2.5 20 4
+1 3 30 6

Table 2
Characterization of the wine lees.

Parameter Value

pH 3.57
Electrical conductivity (mS/cm) 0.87
Water content (%) 58.2
Total solids (g/L) 499.4
Tartaric acid content (mg/g dry wine lees) 575.8
Total polyphenolics (mg GAE/g dry wine lees) 11.25

Table 3
Tartaric acid recovery from wine lees as a function of dilution rate, time and
temperature.

Tartaric acid recovery (%)

23 �C 40 �C

2 h 4 h 24 h 24 h

10-fold dilution 24.1 24.7 25.1 27.5
20-fold dilution 44.2 46.0 49.4 69.3
30-fold dilution 88.2 99.8 99.8 n.a.
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resin dosage (Factor 3), are presented in Table 1. Each independent
variable was varied over three levels between �1 and +1 at the
determined ranges. Variable ranges were specified based on the
preliminary experiments, theoretical background knowledge, and
some constrains arising from the fact that the process is developed
in the context of a general membrane-based methodology for tar-
taric acid recovery and separation. For example, pH limits of poly-
meric membranes do not favor the use of pH values smaller than
2.0, whereas at pH > 3.0 the relative concentration of the sparingly
soluble bitartrate ion is >50%. For the Central Composite Design
(CCD), a 23 full factorial design with four replicates at the center
point (resulting in 18 experiments) was used to determine the
optimum values of selected variables (i.e., pH, water and resin
dosage) for maximum tartaric acid and minimum K+ concentration.
As there are only three levels for each factor, quadratic model Eq.
(3) has been used:

! ¼ bo þ
Xk

j¼1

bjXj þ
Xk

j¼1

bjjX
2
j þ

X

i

Xk

<j¼2

bijXiXj þ ei ð3Þ

where Y is the response; Xi and Xj are the variables; b0 is a constant
coefficient; bj, bjj, and bij are the interaction coefficients of linear,
quadratic and second-order terms, respectively; k is the number
of studied factors; and ei is the error.

Analysis of variance (ANOVA) of the data was performed and
the values were considered significant when p-value <0.05. The
quality of the fit of polynomial model was expressed by the value
of correlation coefficient (R2). The main indicators demonstrating
the significance and adequacy of the used model include the model
F-value (Fisher variation ratio), probability value (Prob > F), and
Adequate Precision. The optimal region of the independent vari-
ables was determined by conducting three-dimensional response
surface analysis of the independent and dependent variables. Addi-
tionally, numerical optimization was carried out using Design
Expert software version 7.0.0 to determine the optimum values
of the independent variables [32,42].

4. Results and discussion

Wine lees were characterized in terms of different parameters
(water content, electrical conductivity, pH, total solids and total
phenolics), summarized in Table 2. As expected, wine lees is an
acidic (pH = 3.57), watery (58.2% water content) sludge, with high
concentration of both particulate and dissolved solids. Wine lees
seem to be a significant source of both tartaric acid (57.6% w/w
of dry lees) and bioactive polyphenolic substances (1.13% w/w of
dry lees). Tartaric acid content is higher than that reported in other
studies [1,8,11], whereas polyphenolic content is also quite high
⁄⁄⁄(Bustamante et al., 2008), even compared to other winemaking
by-products, such as grape seeds or grape skins, where total
polyphenolic values of 0.8–3.3 and 0.06–0.35% w/w on dry basis
have been reported [43].

4.1. Preliminary experiments

The results from the preliminary experiments are summarized
in Table 3. It can be shown that the dilution rate is an important
parameter, as higher dilution rates significantly increase the tar-
taric acid recovery. For a dilution rate of 30 ml/g dry lees, the dis-
solution of tartaric acid is almost complete, reaching 99.8% after
4 h. Concerning the kinetics of the dissolution, it can be concluded
that after the initial 4 h the dissolution of tartaric acid is very slow;
at 4 h the recovery of tartaric acid has reached 98.4, 93.1 and 100%
of the final value (at 24 h) for �10, �20, and �30 dilution rates,
respectively. Therefore, it was decided that 4 h is a reasonable time
frame for the satisfactory dissolution of TA. Temperature is
reported to facilitate the dissolution of tartaric acid [1]; dissolution
of tartaric acid in industrial processes takes place at elevated tem-
perature (70 �C). To avoid degradation of the coexisting polypheno-
lic substances, the �10 and �20 experiments were repeated at a
slightly higher temperature of 40 �C. The result (Table 3) confirm
the positive effect of the temperature to the tartaric acid dissolu-
tion; however, the relative increase is modest and does not neces-
sarily justify its use, considering the increased energy cost and the
rather low price of the main product (tartaric acid).

4.2. Analysis of variance (ANOVA)

The experimental design is presented in Table 4. A total of 18
runs of the FCC experimental design and RSM based on the exper-
imental runs are shown in Table 4. Table 4 also shows the obtained
results in terms of tartaric acid concentration (ppm) (dependent
variable or response 1), and potassium concentration (ppm)
(dependent variable or response 2).

The experimental data for both tartaric acid and potassium con-
centrations were statistically analyzed by analysis of variance and
the results are shown in Tables 5 and 6. The ANOVA of the second
order quadratic polynomial model for both responses (i.e. tartaric
acid and K+ concentration) show that the models are highly signif-
icant, as their F-values are 48.79 and 59.24, respectively with low
probability p-values; the chance of these model F-value occurrence
due to noise is only 0.01%.

Following the experimental design presented in Table 4, empir-
ical second order polynomial equations were developed for the
two response variables (tartaric acid and potassium concentra-
tions) in terms of the three independent variables as shown in
Eqs. (2) and (3).

Y1 ¼ 22586:17þ 964:00A� 11755:30B� 1061:00C

� 583:25ABþ 972:75AC þ 2271:00BC þ 1929:17A2

þ 4791:67B2 � 897:83C2 ð2Þ



Table 4
Design matrix of the FCC experimental design and observed responses.

Factor A Factor B Factor C Response 1 Response 2
Std Order of running experiments pH Water (ml/g dry lees) Resin (g dry resin/g dry lees) Tartaric acid (ppm) K+ (ppm)

1 6 2 10 2 44,312 1,602
2 11 3 10 2 44,458 670
3 12 2 30 2 16,154 956
4 1 3 30 2 14,423 384
5 8 2 10 6 34,925 338
6 2 3 10 6 39,418 90
7 9 2 30 6 16,307 233
8 5 3 30 6 18,011 63
9 18 2 20 4 21,634 472

10 15 3 20 4 26,662 150
11 17 2.5 10 4 36,678 173
12 4 2.5 30 4 17,343 117
13 13 2.5 20 2 21,283 883
14 14 2.5 20 6 21,359 149
15 7 2.5 20 4 23,396 259
16 16 2.5 20 4 21,335 234
17 3 2.5 20 4 24,965 239
18 10 2.5 20 4 22,118 245

Table 5
ANOVA for analysis of variance and adequacy of the quadratic model (tartaric acid
concentration).

Source Sum of
Squares

Degree of
freedom

Mean Square F–value p–value

Model 1,591,832,162 9 176,870,240 48.79 <0.0001
A-pH 9,292,960 1 9,292,960 2.56 0.1480
B-Water 1,381,870,781 1 1,381,870,781 381.16 <0.0001
C-Resin 11,257,210 1 11,257,210 3.11 0.1161
AB 2,721,445 1 2,721,445 0.75 0.4115
AC 7,569,941 1 7,569,941 2.09 0.1865
BC 41,259,528 1 41,259,528 11.38 0.0097
A2 10,084,563 1 10,084,563 2.78 0.1339
B2 62,214,382 1 62,214,382 17.16 0.0032
C2 2,184,284 1 2,184,284 0.60 0.4600
Residual 29,003,338 8 3,625,417
Pure error 7,559,541 3 2,519,847

SD = 1,904.05, PRESS = 177,605,277, R2 = 0.9821, Radj
2 = 0.9620, Adeq

Precision = 20.588.

Table 6
ANOVA for analysis of variance and adequacy of the quadratic model (potassium
concentration).

Source Sum of
squares

Degree of
freedom

Mean square F–value p–value

Model 2,621,951 9 291,328 59.24 <0.0001
A-pH 503,554 1 503,554 102.40 <0.0001
B-Water 125,440 1 125,440 25.51 0.0010
C-Resin 1,311,888 1 1,311,888 266.77 <0.0001
AB 23,981 1 23,981 4.88 0.0582
AC 147,425 1 147,425 29.98 0.0006
BC 80,000 1 80,000 16.27 0.0038
A2 21,481 1 21,481 4.37 0.0700
B2 16,051 1 16,051 3.26 0.1084
C2 234,271 1 234,271 47.64 0.0001
Residual 39,341 8 4918
Pure error 351 3 117

SD = 70.13, PRESS = 461,376, R2 = 0.9852, Radj
2 = 0.9686, Adeq Precision = 28.395.
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Y2 ¼ 233:11� 224:40A� 112:00B� 362:20C þ 54:75AB

þ 135:75AC þ 100:00BC þ 89:04A2 � 79:96B2

þ 294:04C2 ð3Þ
The coefficient of determination (R2), defined as the ratio of the
predicted variation to the total variation, is used as a measure of
degree of fit of the model. High R2 value illustrates good agreement
between the calculated and observed results within the range of
experiment, and R2 value should be close to 1. Le Man et al.
(2010), and Chausan and Gupta (2004) have emphasized the
acceptance of any model with R2 > 0.75 [44,45], while Joglekar
and May (1987) state that for a good fit of the model, the correla-
tion coefficient should be at least 0.80 [46]. Therefore, the R2 values
of 0.9821 and 0.9852 are satisfactory and indicate that the model
can be used to predict the concentrations of tartaric acid and potas-
sium in the specified experimental space. As shown in
Fig. 1a and 1b the predicted values of tartaric acid and potassium
concentrations obtained from the model are in good agreement
with the actual experimental data.

Table 5 shows that in case of tartaric acid concentration the
water dosage (B) is highly significant as its p-value is < 0.001, while
the interaction between water (B) and resin dosage (C), pH (A) and
resin dosage (C) and the quadratic term B2 are significant as their p-
values are less than 0.05. In case of potassium concentration all the
independent variables A, B and C; the interactions between pH (A)
and resin dosage (C), and between water (B) and resin dosage (C),
as well as the quadratic term C2 are significant as p-value for them
is <0.05 (Table 6). Among these, pH (A) and resin dosage (C) are
highly significant as their p-value is <0.001. From the values of
the coefficients in the regression model, the order in which the
independent variables affect the potassium removal is resin dosage
(C) > pH (A) > water (B). All three independent variables have neg-
ative effect on the potassium concentration.

Plots of normal probability of internally studentized residuals
for tartaric acid and potassium concentration were also obtained
(Supplementary material, Fig. S1). The normal probability plot of
the residuals is an important diagnostic tool to detect and explain
the systematic departures from the assumptions, that errors are
normally distributed and independent of each other, and that the
error variance is homogeneous; in such a case the points will fol-
low a straight line. The normal probability plot of the residuals
(Fig. S1) show that there is almost no serious violation of the
assumptions underlying the analyses and confirms the normality
of the assumptions and the independence of the residuals [32,47].



Fig. 1. Plot of predicted versus actual values for (a) tartaric acid concentration and (b) potassium concentration.
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4.3. Response surface analysis (RSM)

Using RSM, the effects of the independent variables (pH, water
and resin dosages) and their interaction on the concentration of
tartaric acid and potassium were graphically represented by
three-dimensional response surface plots and two-dimensional
contour plots. The responses were predicted and the optimum val-
ues for tartaric acid recovery and potassium removal were deter-
mined [35,47,48].

The interaction effect of initial pH and the water dosage on tar-
taric acid concentration is shown in Fig. 2a and on potassium con-
centration is shown in Fig. 3a. From Fig. 2a, it is evident that the
concentration of tartaric acid tends to increase with decreasing
water dosage irrespective of the pH used. The maximum tartaric
acid concentration is obtained for 10 mL water/g dry lees. Further-
more, maximum tartaric acid concentrations are located in the pH
range of 2.25–2.50, as shown in the contour plot, irrespectively of
the initial water dosage. In Fig. 3a it is evident that potassium con-
centration tends to decrease with increasing pH, regardless of the
water dosage. Maximum potassium removal is obtained in the
pH range of 2.5–3.0. Potassium concentration also decreases with
increasing water dosage, exhibiting minimum values in the range
of 22–30 mL water/g dry lees.

Fig. 2b shows the interaction effects of resin dosage and pH on
the tartaric acid concentration, whereas Fig. 3b depicts the interac-
tion effects of the same variables on the potassium concentration.
Fig. 2b denotes that maximum tartaric acid concentrations are
obtained at two pH-resin combinations; i.e., the first is at a resin
dosage of 2.0–3.8 g/g dry tartares combined with a pH smaller than
2.1, and the second at a pH range of 2.75–2.95 irrespectively of the
initial resin dosage. From Fig. 3b it is evident that potassium con-
centration tends to decrease with increasing resin dosage; maxi-
mum potassium removal region, as shown in the contour plot, is
identified at pH 2.1–3.0 and resin dosage 3.1–6.0 g/g dry tartrares.

The interaction effects of resin and water dosages on tartaric
acid and potassium concentrations are shown in Figs. 2c and 3c,
respectively. Fig. 2c shows that the tartaric acid concentration tends
to increase with decreasing water dosage, regardless of the initial
resin dosage, whereas a slight increase is observed with decreasing
pH. From Fig. 3c it is evident that potassium concentration
decreases with increasing resin dosage, whereas a slight decrease
is observed for water dosages >17.5 mL/g dry lees. Maximumpotas-
sium removal is achieved for a resin dosage of 6 g/g dry lees and
water dosage in the range 17.5–22.5 ml/g dry lees.

4.4. Optimization of independent variables

Based on the design model and the constraints described,
numerical optimization was carried out using Design Expert soft-
ware version 7.0.0 considering the three independent variables
and the two responses. According to the software optimization
step, the desired goal for water and resin dosage was chosen
‘‘within the range” and for pH to ‘‘maximize”, given that higher
pH values are favorable for the subsequent membrane processes.
Furthermore, an ‘‘importance factor” of 3 (in a scale of 1–5) was
assigned for the maximization of pH. Considering the responses,
tartaric acid concentration and potassium concentration were
defined as ‘‘maximize” and ‘‘minimize” respectively, to achieve
highest performance. Similarly, the ‘‘importance factor” for tartaric
acid concentration was set to 5, since maximization of tartaric acid
dissolution is the main goal of this study, whereas for potassium
concentration was set to 1, given that residual potassium can be
removed during the purification stage of the final product. The pro-
gram combines the individual desirabilities into a single number,
and then searches to maximize this function. Therefore, the opti-
mum working conditions and respective responses (tartaric acid
and K+ concentrations) are estimated, and the proposed solutions
of the numerical optimization are presented in Table S1 (Supple-
mentary material). The optimum conditions for the maximum pos-
sible tartaric acid concentration and potassium removal under the
described constraints were determined to be: (i) pH value 3, (ii)
water dosage 10 ml/g dry lees, and (iii) resin dosage 3.5 g/g dry lees
(solution no. 1, Table S1). The desirability function value for these
optimum conditions was found to be 0.967. Under these conditions
the model predictions for the tartaric acid and potassium concen-
tration were 43,143 ppm and 178 ppm, respectively, which corre-
spond to 74.9% tartaric acid recovery and 98.8% potassium
removal. These results demonstrate the effective use of RSM to
determine the optimum conditions for the dissolution of tartrates
and the recovery of tartaric acid using cation exchange resin.



Fig. 2. Results of Response Surface Analysis: Effect of pH, water dosage and resin dosage on tartaric acid concentration (a) resin dosage constant at 4.0 g dry resin/g dry lees;
(b) water dosage constant at 20.0 ml/g dry lees; (c) pH constant at 2.5.
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Fig. 3. Results of Response Surface Analysis: Effect of pH, water dosage and resin dosage on potassium concentration (a) resin dosage constant at 4.0 g dry resin/g dry lees; (b)
water dosage constant at 20.0 ml/g dry lees; (c) pH constant at 2.5.
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4.5. Validation experiment

In order to examine the accuracy of the optimization proce-
dure, the model was assessed by conducting the tartrate dissolu-
tion under optimum conditions. Tartaric acid and potassium
concentration determined from the validation experiment were
44,118 ppm and 265 ppm respectively (corresponding to 76.6%
tartaric acid recovery and 98.2% potassium removal), that is, in
good agreement with the predicted results. The difference of
experimental tartaric acid concentration from the predicted values
are less than ±3.0%. Hence, the optimum conditions determined by
RSM were validated confirming that RSM can be used to optimize
the tartaric acid recovery from wine lees. Moreover, the concen-
tration of polyphenolic substances in the water phase was mea-
sured, to determine whether this process stream is of value for
the recovery of the bioactive polyphenolic compounds. The mea-
sured concentration of polyphenolic substances was 323.3 mg
GAE/L, which is considered quite high; thus apart from tartaric
acid, polyphenolic compounds can be also obtained from this pro-
cess stream.
5. Conclusions

In the present study, optimization of tartaric acid dissolution
from wine lees was performed, aiming to maximize tartaric acid
recovery. The proposed method, using cation exchange resin aims
at simultaneous removal of undesirable potassium ions, without
producing obnoxious calcium sulfate sludge waste, a common
problem of the conventional technology. A Response Surface
experimental Methodology, based on a three levels Central Com-
posite Design of experiment, was successfully employed in this
optimization study, accounting for the effects of the main vari-
ables, i.e. pH, water dosage and cation exchange resin dosage on tar-
taric acid and potassium concentrations. From the quadratic
models developed and subsequent ANOVA test, the water dosage
was found to be the most influential variable for the tartaric acid
concentration and the resin dosage for the potassium concentra-
tion, while all other variables were also significant. The models fit-
ted very well to the experimental data, as confirmed by the high
R2 values.

The dissolution process was optimized to achieve maximum
tartaric acid concentration and minimum potassium concentra-
tion, while minimizing the need for addition of mineral acids (i.e.
maximum pH value). Under the applied constraints, a set of opti-
mum values of the three main variables was determined to be
pH 3, water dosage 10 ml/g dry lees and resin dosage 3.5 g/g dry
lees. Under these optimum conditions, the predicted tartaric acid
and potassium concentration were 43,143 ppm and 178 ppm,
respectively (which correspond to 74.9% tartaric acid recovery
and 98.8% potassium removal), whereas tartaric acid concentration
experimental values, from the validation experiment, fitted well (<
±3.0% divergence) to these predictions.

This work clearly shows that the recovery of tartaric acid
from wine lees can be achieved using cation exchange resin,
under mild conditions (ambient temperature), thus avoiding
environmentally offensive waste streams. Furthermore, the pro-
posed process permits simultaneous exploitation of the polyphe-
nolic bioactive compounds present in wine lees that are wasted
in conventional technologies. The outcomes of this optimization
exercise, concerning the dissolution of tartaric acid, may be also
useful in the context of developing an integrated membrane-
based method for the recovery, separation and concentration of
both tartaric acid and polyphenolic substances; such a method
that could lends itself to large scale application, is pursued in
this Laboratory.
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