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ABSTRACT

The main purpose of this study was to optimize microwave assisted alkaline extraction of the hemicellulose, xylan,
from birch wood. The simultaneous effects of process variables such as time (10 - 30 minutes), concentration of sodium
hydroxide solution (4 - 8 wt%), solid to liquid ratio (1:8 to 1:20, g:mL), and sample size (5 - 10 g) on the temperature of
the wood slurry, wood dissolution, and yield of extraction were evaluated. A central composite design (CCD) and re-
sponse surface methodology (RSM) were used for the optimization of the extraction process. Based on the CCD, quad-
ratic models were developed to correlate the extraction process variables with the responses such as temperature of
wood slurry, wood dissolution, and yield of xylan and the models were analyzed using appropriate statistical methods
(ANOVA). Statistical analysis showed that all the models developed were found to be adequate for the prediction of the
respective responses. Optimization of the process was performed using a numerical optimization available in the soft-
ware to maximize the yield of xylan and the optimum process variables for the maximum yield of xylan was found to be:
10 g of wood fibres, 8 wt% of NaOH solution, 1:10 solid to liquid ratio (g:mL) and 25 minutes of irradiation time.
About 72.5% of the xylan present in the birch wood was extracted using the optimized extraction parameters.
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1. Introduction [7,8]. Xylan, p-(1—4)-linked D-xylopyranoside, is the
common hemicelluloses found in hardwood. The appli-
cation potential of these polymers has been reported
elsewhere [3,4,6,9,10]. Different methods, including acid
or alkaline extraction, auto hydrolysis, steam explosion,

and pressurized extraction, have been used to separate

Hemicelluloses, the heterogeneous polysacharides, are
the second most abundant polysacharides in plant bio-
mass [1]. The versatility of these polymers and the nu-
merous possibilities of their structural modification re-
sult into their use for various industrial applications such

as production of bulk or fine chemical, bio-polymers
such as polyesters, hydro-gels and pharmacological
products [2-6]. Structure of hemicelluloses varies with
the source of the biomass. For example, woody biomass
contains hemicelluloses with both pentoses and hexoses,
whereas non-wood biomass contains hemicelluloses
mainly with pentoses [7]. About 15 - 35 wt% of the over-
all mass of most plant materials, including forest and
agricultural residues, belongs to these polysaccharides
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these polymers from the plant biomass for further proc-
essing [5,11-14].

Alkaline extraction is known to be the most suitable
method for extraction of these polymers, as it causes less
degradation of the polymer compared to the other meth-
ods of extraction [14,15]. During alkaline extraction hy-
drolysis of the ester linkages between hemicelluloses and
lignin leads to the dissolution of the polysacharides, as
oligomers, along with lignin. The efficiency of extraction
depends on the strength of the alkaline solution used,
temperature, and duration of extraction. Higher alkali
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loading, and lower temperatures for extraction were re-
ported as the preferred conditions for the extraction of
high molecular weight oligomers [16]. However, low
temperature needs prolonged duration for considerable
extraction of hemicelluloses [17,18]. Microwave heating
technology is known to be a cleaner and efficient alterna-
tive to the conventional heating mode to accelerate che-
mical reactions and has been widely used in various ap-
plications such as synthesis of polymers, curing of rub-
bers or polymers, liquefaction of wood etc. [19-22]. This
technology has been gaining much attention in the biore-
finery industry and has been used for pre-treatment of the
lignocellulosics for their downstream processing [23-26].

Though there are many literatures available for the
microwave assisted pre-treatment of the biomass and
extraction of hemicelluloses from biomass using high
temperature and/or pressure [13,23-29], only very few
literatures are available on microwave assisted extraction
of hemicelluloses under mild conditions [30,31]. The
high temperature/pressure extractions hamper the eco-
nomic feasibility of the process, as the process requires
expensive equipments compared to the low temperature
extractions. Further, under these conditions hemicellu-
loses undergo degradation and results into lower mo-
lecular mass hemicelluloses. On the other hand, short-
term extraction under mild conditions can alleviate these
disadvantages. Recently, Obermeir et al. reported that
low temperature microwave assisted extraction can dis-

solve up to 73% of hemicelluloses from wheat straw [31].

However, no available literature to-date reported the op-
timization of a microwave assisted extraction of xylan
from birch wood under mild conditions of temperature
and pressure. Our research focused on the development
of microwave assisted extraction of xylan using mild
reaction conditions such as temperature and power input
under atmospheric pressure and preliminary studies in-
dicated that low power input microwave assisted extrac-
tion can be used as an efficient alternative to the conven-
tional extraction [32]. We found that a 10 minute micro-
wave extraction of xylan from woody biomass at a low
power input leads to a similar extraction yield that ob-
tained at a 90 minutes of extraction at 90°C using the
conventional method. However, the process has to be
optimized further with respect to sample size, alkali
loading, time of irradiation, and concentration of alkali,
as these are the parameters affecting the efficiency of the
microwave extraction. In this study, our objective was
the optimization of the microwave assisted alkaline ex-
traction using statistical design of experiments.

Studies on the effect of one-factor at a time on the mi-
crowave assisted extraction can hardly provide the rela-
tionship between all the experimental input parameters
(factors) and the output responses, as the results are valid
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only for the fixed experimental conditions and the pre-
diction of other conditions are vague. Design of experi-
ments (DOE) using response surface methodology
(RSM), where several factors can be varied simultane-
ously, and each factor may be evaluated independently,
can be a better alternative to study and establish the rela-
tionship between all the factors studied on the output
responses [33]. Advantage of this method is the mini-
mum number of experiments required for predicting the
relationship between variables and responses, and hence
the optimization process, rather than studying all possible
combinations of the experiment. Basically, RSM is a
compilation of statistical techniques for designing experi-
ments, building models, and estimating the effect of fac-
tors on the responses and searching for the optimum con-
ditions of factors for a particular experiment [34]. Fur-
ther, this technique can quantify the relationships among
one or more measured responses and the critical input
factors. DOE has been widely used in the optimization
applications in the bio-refinery industry [29,35-38]. In
this study, we used DOE to investigate the effect four
variables such as time of extraction, sample size, solid to
liquid ratio, and concentration of alkali on the low power
input microwave assisted extraction of xylan from birch
wood. The responses studied were solubilization of wood
(wood dissolution), temperature, and yield of xylan. Fi-
nally, the extraction process was optimized to maximize
the yield of xylan.

2. Experimental
2.1. Materials

The wood fibres used for extraction was prepared from
birch wood logs obtained from premises near to Univer-
sity of Toronto. The wood logs were cut into small pieces
after removing the bark and dried in an air oven at 40°C
for 4 days. The small wood blocks were then powdered
using a Wiley mill with a screen size of 2 mm. The fibres
passed through the screen were collected and sieved us-
ing a 0.42 mm screen to remove fines. The extractives
from the wood fibres were removed following the pro-
cedure reported earlier [32] and the extractive-free wood
was used for all the experiments. The dried extractive-
free wood consists of 42.95% + 1.05% glucan, 29.35% =+
0.69% xylan, 0.96% = 0.27% mannan, 21.26% + 0.41%
acid insoluble lignin, 1.43% + 0.13% soluble lignin, and
0.52% + 0.04% ash content. Sodium hydroxide solutions
of different concentrations used for the extraction were
of reagent grade.

2.2. Microwave Assisted Extraction

The procedure followed was reported elsewhere [32].
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The wood fibre slurry with different combinations of
alkali was subjected to microwave extraction using a
power input of 110 W, as it was found to the best power
input for getting the xylan without much degradation.
Immediately after extraction, temperature of the reaction
media was noted. The wood residue was separated from
the liquid phase by filtration and the residue was washed
to remove the alkali. Xylan was precipitated from the
liquid phase by neutralizing the solution to a pH of 4.6.
The precipitate was re-dissolved in sodium hydroxide
and precipitated by padding 3 volumes of ethanol under
stirring, washed with 95% ethanol, and then freeze-dried.
Wood dissolution and yield of xylan were expressed as
follows (Equations (1) and (2)).

2.3. Experimental Designing Using CCD

CCD is the standard RSM to optimize the response, es-
timate the second order polynomial relationship between
independent variables and the dependant variables, and
the interaction between the independent variables with
the dependant variables [34]. In order to optimize the
microwave assisted extraction, a four-factor, five-level
CCD with replicates at the centre point was used. The
variables studied were extraction time (A), NaOH con-
centration (B), solid to liquid ratio (C), and sample size
(D). The variables ranges were selected based on our pre-
liminary experiments. The number of experiments re-
quired for 4 variables CCD was calculated using the
Equation (3).

N=2"+2n+n, 3)

where n is the number of independent variable, first term
(2") represents the number of factorial points, second
term (2n) represents the number of axial points (star
points), and the third term (7.) represents the number of
replicates at the centre point. The whole CCD design of
this study consists of a total of 30 experiments including
16 factorial points, 8 axial points (« = 2) with 6 repli-
cates at the centre point. The replicates of the centre
point were used to determine the reproducibility and re-
liability of the experiments and the error occurred during
the experiment. The variables were coded for statistical
estimation as per Equation (4).

X -X
x= 2120 4100 (4)
AX

i
i

where, x; is the independent coded variable, X; is the real
value of the independent variable, X is the real value of
the independent variable at the centre point and AJX; is the
step value change. The range of variables and their levels
studied are given in the Table 1.

The variables coded as —1 and +1 represents the low
and high levels of the variables studied, zero represents
the centre point of the design and —¢, and +« represents
the axial or star points of the design. In the study, the
value of o was fixed at 2 to make the design a rotatable
one. The complete CCD design was generated using the
Design Expert 8.0.7.1 (trial version, Stat-Ease Inc., Min-
neapolis, MN, USA) software. The complete design ma-
trix obtained with the coded and uncoded independent
variables and the corresponding responses obtained are
given in the Table 2. As in any statistical designing of
experiment, the experiments performed were randomized
to minimize the unpredictable variations in the observed
responses due to uncontrolled extraneous factors. The
responses studied include dissolution of wood, yield of
xylan, and temperature of the slurry. A second degree
polynomial quadratic equation was used to develop the
empirical model to establish the correlation between the
variables and each response Y, as shown in the following
Equation (5).

i=4 i=4 i=4
Y=b+Y bx, +Y . bx’+ Y b,x.x; %)
i=1 i=1 i=1, j=i+1
where by, b;, b;, and b; are the constant tem, regression
coefficients of the individual linear effects, quadratic
effects, and interaction effects between the variables re-
spectively. These polynomial equations were used to
create the surface or contour plots to visualize the rela-
tionship between the process variables and the responses
studied.

2.4. Statistical Analysisand the M odel
Evaluation

Statistical analysis of the experimental design was car-
ried out using the Design Expert software. Multiple lin-
ear regression analysis of the experimental data was used
to evaluate the statistical significance of the model de-
veloped. Analysis of variance (ANOVA) of the model
for each response was also performed to study the sig-
nificance of the regression coefficient of determinations

Solubilizatiom of wood (%)

_ Wt.of OD wood before extraction — Wt.of OD wood after extraction) (1)

x100

Wt.of OD wood before extraction

Yieldof xylan (%) =

Amount of xylan precipitated
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%100 2

Amount of OD wood used for extraction
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Table 1. Independent variables studied in the CCD with their coded and uncoded levels.

Variable 1 (A)

Coded variable level Extraction time (min)

Variable 2 (B)
NaOH concentration (%)

Variable 4
(D) Sample size (g)

Variable 3 (C)
Solid to liquid ratio (g:mL)

-a(-2) 2.5 2
-1 10 4
0 17.5 6
+1 25 8
+a (+2) 32.5 10

2 2.5
8 5

14 7.5
20 10
26 12.5

for each effect (linear, quadratic, and interaction) in the
model, and to assess response model fit to the data (the
lack of fit parameters), and hence to evaluate the signifi-
cance of the models for further rationalization. The
competence of the model was also evaluated using ad-
justed R? and predicted R?, rather than R? values, as the
value of R” increase with the addition of variables de-
spite the significance of the added variables.

2.5. Optimization of the Processing Variables

The microwave extraction process was optimized using
the numerical optimization approach available in the
software with the objective of maximizing the yield of
xylan. Four additional experiments were performed using
the optimal conditions selected and the results (responses)
were compared with the predicted responses to verify the
validity of the surface response model developed.

3. Results and Discussion

The results of the optimization experimentation of the
four variables (extraction time, concentration of alkali,
solid to liquid ratio, and sample size) on the responses
(wood dissolution, yield of xylan, and temperature gen-
erated) are given in the Table 2. The surface response
quadratic models used to study the relationship between
the independent variables and to that of the responses are
shown in the Table 3. Model regression coefficients
were also reported in the table for checking the adequacy
of the model. The positive values in the model show the
synergistic effect of the variables on the response, where-
as the negative values show the antagonistic effect of the
respective effect of the variables. The correlation coeffi-
cient values, standard deviation, and adequate precision
(a term that measures signal to noise ratio) of the model
indicate the quality of the model.

3.1. Effect of Extraction Variableson
Temperature of the Wood Slurry

During microwave assisted extraction, the temperature of
the wood slurry increases as a result of direct interaction
with the electromagnetic radiation and the reaction media.

Open Access

In this case most of the radiation absorption is caused by
sodium hydroxide solution, as the microwave radiation
couple with the components of high loss value in a sys-
tem where the components have different dielectric pro-
perties. Sodium hydroxide solution has a high loss factor
(~1 - 5) [39] compared to wood (0.15 - 0.19) [40], and
hence heating of the wood slurry occurs mainly through
the interaction of microwave and the solution. The effect
of independent variables (time of irradiation, concentra-
tion of sodium hydroxide, solid to liquid ratio and sample
size) on the temperature of the reaction media was stud-
ied using the experimental design, and the results are
given in the Table 2. The temperature reported here is
the temperature of the slurry after particular time of irra-
diation. The lowest temperature reported was for the run
#1 (50°C), whereas the highest temperature was for the
run #22 (99.5°C). The lowest temperature obtained when
all the variables studied except time were on the higher
levels. On the other hand, the highest temperature was
obtained when the variables time and sodium hydroxide
concentration were on the higher levels indicating time
of irradiation increases temperature of the slurry.

The surface response quadratic model using the CCD
to establish the relationship between the variables and
temperature of the system is given in the Table 3. The
regression coefficients, R%, adjusted R* and predicted R*
for the model are 0.9987, 0.9974, and 0.9937 respec-
tively. The high values of R?, close to unity, indicate that
the final temperature of the system can be predicted with
the model suggested. Further, close agreement within
these values also indicates the accuracy of the predictive
model. Figure 1 shows the predicted temperature versus
the actual temperature, and the strong correlation be-
tween the predicted and actual temperature indicates the
significance of the model within the experimental win-
dow. Standard deviation of the model was 0.70 and the
small standard deviation indicates the reproducibility of
the model. Further, the adequate precision of the model
reported was very high (100.489); better model will have
a value greater than 4, which again indicates the suitabil-
ity of the model for navigating the design space.

The ANOVA for the regression model for temperature
is given in the Table 4. The coefficients with p-values
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Table 2. DOE design matrix and theresults.

Run Independent variables studied Responses
(A) Extraction (B) NaOH (C) Solid to (D) Sample Wood dissolution Yield of Temperature

time (min) concentration (%) liquid ratio (g:mL) size (g) (%) xylan (%) (@)
1 10.0 (-1) 8.0 (+1) 20.0 (+1) 10.0 (+1) 23.73 15.18 50.0
2 17.5 (0) 6.0 (0) 14.0 (0) 7.5 (0) 26.77 18.88 87.5
3 10.0 (—1) 401 8.0 (1) 10.0 (+1) 19.83 12.95 78.0
4 17.5 (0) 6.0 (0) 14.0 (0) 7.5(0) 26.99 17.96 88.0
5 25.0 (+1) 4.0 (1) 20.0 (+1) 5.0 (1) 26.59 13.16 96.0
6 25.0 (+1) 4.0(-1) 8.0 (1) 5.0(-1) 2691 9.81 98.0
7 17.5 (0) 6.0 (0) 14.0 (0) 7.5(0) 26.85 17.97 88.0
8 10.0 (+1) 4.0(-1) 20.0 (+1) 5.0 (1) 21.52 10.41 72.5
9 17.5 (0) 6.0 (0) 14.0 (0) 2.5(-2) 30.24 13.10 96.5
10 17.5 (0) 6.0 (0) 14.0 (0) 7.5(0) 26.81 17.96 87.5
11 10.0 (-1) 4.0(-1) 20.0 (+1) 10.0 (+1) 20.15 8.40 56.0
12 25.0 (+1) 401 20.0 (+1) 10.0 (+1) 24.39 13.38 87.0
13 2.5(2) 6.0 (0) 14.0 (0) 7.5(0) 21.96 9.58 51.0
14 17.5 (0) 2.0(=2) 14.0 (0) 7.5(0) 16.87 433 93.5
15 25.0 (+1) 8.0 (+1) 20.0 (+1) 10.0 (+1) 29.60 22.49 83.5
16 10.0 (-1) 8.0 (+1) 8.0 (1) 5.0(-1) 27.04 16.11 85.0
17 17.5 (0) 6.0 (0) 26.0 (+2) 7.5 (0) 25.03 14.82 70.5
18 32.5(+2) 6.0 (0) 14.0 (0) 7.5(0) 33.69 16.79 98.5
19 25.0 (+1) 8.0 (+1) 8.0 (-1) 5.0 (1) 34.62 14.95 98.5
20 17.5 (0) 6.0 (0) 14.0 (0) 7.5(0) 27.38 20.56 88.0
21 10.0 (—1) 8.0 (+1) 20.0 (+1) 5.0(-1) 26.15 16.62 70.5
22 25.0 (+1) 4.0 (1) 8.0(-1) 10.0 (+1) 26.40 15.13 99.5
23 17.5 (0) 6.0 (0) 14.0 (0) 12.5 (+2) 26.64 19.93 74.0
24 25.0 (+1) 8.0 (+1) 20.0 (+1) 5.0(-1) 31.92 20.03 96.5
25 25.0 (+1) 8.0 (+1) 8.0 (1) 10.0 (+1) 33.55 21.88 97.0
26 10.0 (-1) 4.0 (-1 8.0 (1) 5.0(-1) 20.44 7.43 87.0
27 17.5 (0) 6.0 (0) 14.0 (0) 7.5(0) 26.18 18.58 86.5
28 17.5 (0) 10.0 (+2) 14.0 (0) 7.5(0) 26.81 19.82 87.0
29 10.0 (-1) 8.0 (+1) 8.0 (1) 10.0 (+1) 29.88 21.82 74.0
30 17.5 (0) 6.0 (0) 2.0(-2) 7.5(0) 26.64 14.88 95.0
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Table 3. Polynomial equationsfor the quadratic model and the regression coefficients.

Quadratic model equations (A = extraction time, B = NaOH concentration,

R Adjusted Predicted Standard Adequate
C = solid to liquid ratio, and D = sample size) R? R? deviation precision
Temperature (°C) = 87.58 +11.58A —1.33B — 6.42C —5D + 0.56AB + 2.81AC
+2.19AD — 0.19BC — 0.81 BD — 2.44 CD — 3.2 A> + 0.68B> — 1.20C? + 0.82D” 0.9987 0.9974 0.9937 0.70 100.489
Wood dissolution (%) = 26.94 + 3.02A + 3.02B — 0.59C — 0.77D + 0.27AB — 0.44AC
—0.052AD — 0.57BC — 0.12BD — 0.33CD + 0.19A% — 0.92B*— 0.30C? + 0.35D? 0.9962 0.9927 0.9804 0.36 69.354

H 0, — _ _

Yield of xylan (%) = 18.65 + 1.51A + 3.72B — 0.22C + 1.51D — 0.17AB + 0.94AC 09715  0.9450 0.8722 108 22018

+0.45AD — 0.030BC + 0.29BD — 1.52CD — 1.23A% — 1.51B*> — 0.81C? — 0.40D>

100.00—

90.00 —

C
o
S
1=y
S

|

70.00 —

50.00 —

Predicted temperature (°C)
3
o
S
|

40.00 —

\ \ T | T
50.0 60.0 70.0 80.0 90.0

Actual temperature ("C)

1
100.00

Figure 1. Actual temperature vs predicted temperature.

less than 0.05 are considered as significant effect. The p
value (<0.0001) and high Fischer variance value (F-value)
(281.50) for the quadratic model implied this model was
significant. From the regression coefficients of the vari-
ables, it was found that the linear terms for all the vari-
ables, and interaction term between all the variables, ex-
cept the interaction between sodium hydroxide concen-
tration and solid to liquid ratio, and all the quadratic
terms in the model were significant.

The effect of interaction terms between variables on
the response, extent of interaction, and the nature of in-
teraction can be obtained from the surface contour plots
of the models. The response surfaces of the significant
interaction effects are shown in the Figure 2. In all the
figures, in order to describe the interactive effects of the
independent variables on temperature, the other two
variables were kept constant at their mid levels. Figure
2(a) shows that, at 4% NaOH concentration the tem-
perature was increased from 70°C to 98°C when the time
of irradiation increased from 10 minutes to 25 minutes,
whereas at 8% NaOH concentration, the temperature was
increased from 70°C to 96°C for the same duration of
extraction. Effect of interaction between time and solid to
liquid ratio on temperature shows a minimum tempera-
ture for 10 minutes of extraction at a solid to liquid ratio
of 1:20, and showed a maximum temperature for 25
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minutes of extraction at a solid to liquid ratio of 1:8
(Figure 2(b)). Sample size and time also had a similar
effect on the temperature, and the maximum temperature
was observed at longer duration of extraction and for a
small sample size (Figure 2(c)). In Figure 2(€), maxi-
mum temperature was observed for a larger sample size
and a lower solid to liquid ratio (10 g, 1:8 g/mL). These
results indicate that irradiation time had a positive impact
on the temperature, whereas sample size and the solid to
liquid ratio had a negative impact under the experimental
conditions studied. Figures 2(a) and (d) show the effect
of interaction terms between NaOH solution concentra-
tion and time (at a constant level of sample size and solid
to liquid ratio: 7.5 g, and 1:14 g/mL), and that of NaOH
solution concentration and sample size (at a constant
level of time and solid to liquid ratio; 17.5 minutes and
1:14 g/mL) on temperature. The NaOH concentration
under these experimental conditions did not affect the
temperature of the slurry. Increase in temperature leads
to increased hydrolysis and leads to increased wood dis-
solution, and so a high yield of xylan is expected at these
conditions.

3.2. Effect of Extraction Variables on Wood
Dissolution

Wood dissolution during alkaline extraction occurs due
to the hydrolysis of the lignin-carbohydrate linkages. The
amount of wood dissolved during the experimentation
(Table 2) varied from about 17 wt% (run #14) to 35%
(run #19). The highest amount of wood dissolution dur-
ing the microwave assisted extraction was observed at
high levels of extraction time (+1, 25 minutes) and con-
centration of sodium hydroxide (+1, 8 wt%), and low
levels of sample size (—1, 5 g) and solid to liquid ratio
(-1, 1:8 g/mL). On the other hand, the lowest amount of
wood dissolution occurred at a low level of sodium hy-
droxide (=2, 2 wt%) and mid levels of time (0, 14 min-
utes), solid to liquid ratio (0, 1:14 g/mL) and sample size
(0, 7.5 g). It is clear that higher concentration of alkali
and longer duration of extraction increased the wood
dissolution. Longer duration of irradiation increases the
temperature of the system (respective temperatures for
the low and high dissolution of wood were 93.5°C to
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Table 4. Analysis of variance (ANOVA) for the RSM model.

Source Degree of freedom Sum of squares Mean square F-value p-value
Model 14 505.53 36.11 281.50 <0.0001
A 1 218.41 218.41 17.02.64 <0.0001
B 1 219.49 219.49 <0.0001
C 1 8.33 8.33 1711.11 <0.0001
D 1 14.35 14.35 <0.0001
AB 1 1.12 1.12 64.94 0.0097
AC 1 3.10 3.10 111.89 0.0002
AD 1 0.044 0.044 8.76 0.5664
BC 1 5.13 5.13 24.15 <0.0001
Dissolution of wood (%)
BD 1 0.25 0.25 0.34 0.1872
CD 1 1.73 1.73 39.99 0.0023
A’ 1 1.02 1.02 1.91 0.0131
B? 1 23.22 23.22 13.48 <0.0001
C? 1 2.55 2.55 7.92 0.0005
D’ 1 3.29 3.29 180.98 0.0001
Residual 15 1.92 0.13 19.89
Lack of fit 10 1.66 0.17 25.64 0.114 (not significant)
Pure error 5 0.27 0.053 11
Model 14 596.11 42.58 36.59 <0.0001
A 1 54.98 54.98 47.24 <0.0001
B 1 332.97 332.97 286.10 <0.0001
C 1 0.012 0.012 0.010 0.9209
D 1 55.08 55.08 47.33 <0.0001
AB 1 0.45 0.45 0.38 0.5448
AC 1 14.05 14.05 12.07 0.0034
AD 1 3.20 3.20 2.75 0.1181
Yield of xylan (%) BC 1 0.014 0.014 0.012 0.9140
ield o an
ryian e BD 1 133 133 1.14 0.3027
CD 1 36.74 36.74 31.57 <0.0001
A’ 1 41.41 41.41 35.58 <0.0001
B? 1 62.22 62.22 53.47 <0.0001
C? 1 18.10 18.10 15.56 0.0013
D’ 1 4.29 4.29 3.69 0.0740
Residual 15 17.46 1.16
Lack of fit 10 12.34 1.23 1.20 0.4435 (not significant)
Pure error 5 5.12 1.02
Model 14 5508.88 393.49 809.47 <0.0001
A 1 3220.17 3220.17 6624.34 <0.0001
B 1 42.67 42.67 87.77 <0.0001
C 1 988.17 988.17 2032.80 <0.0001
D 1 600 600 1234.29 <0.0001
AB 1 5.06 5.06 10.41 0.0056
AC 1 126.16 126.16 260.36 <0.0001
AD 1 76.56 76.56 157.50 <0.0001
BC 1 0.56 0.56 1.16 0.2991
Temperature ("C) BD 1 10.56 10.56 21.73 0.0003
CD 1 95.06 95.06 195.56 <0.0001
A? 1 280.50 280.50 577.03 <0.0001
B? 1 12.57 12.57 25.87 0.0001
C? 1 39.36 39.36 80.97 <0.0001
D’ 1 18.57 18.57 38.21 <0.0001
Residual 15 7.29 7.29
Lack of fit 10 5.58 5.58 1.630 0.3063 (not significant)
Pure error 5 1.71 1.71
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Figure 2. Response surface plots showing the interaction between the variables affecting the temperature of wood slurry: (a)
Interaction between time and NaOH solution concentration; (b) Interaction between time and solid to liquid ratio; (c)
Interaction between time and sample size; (d) Interaction between sample size and NaOH concentration; and (e) I nteraction

between sample size and solid to liquid ratio.

98.5°C) as described in the previous section and this en-
hances the wood dissolution.

The simultaneous effect of the independent variables
on the dissolution of wood is established by the surface
response quadratic model using the CCD (Table 3). The
relatively high values of R? (0.9962) and adjusted R’
(0.9927) of the response surface model indicate that the
model considers only the significant terms and so a good
agreement between the experimental and the predicted
responses. The predicted R? (0.9804) was also found to
be closer to the adjusted R? values indicating the ade-
quacy of the model. Relatively smaller standard devia-
tions of the model (0.36) used for the prediction of wood
dissolution indicated the better reproducibility of the re-
sults. Further, adequate precision for the wood dissolu-
tion model was reported to be 69.30, which is well above
the required value of 4. The higher values of R*, smaller
standard deviation and high value of adequate precision
of the model demonstrated the suitability of the model
for the prediction of the real relationship among the
variables studied to the wood dissolution. Figure 3
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Figure 3. Actual wood dissolution vs predicted wood disso-
lution.

demonstrates the strong correlation between the predicted

and observed wood dissolution during microwave as-
sisted extraction of xylan.
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The ANOVA for the response surface quadratic mod-
els for wood dissolution are given in the Table 4. The
p-value for the quadratic model for the wood dissolution
(<0.0001) and high F-value (281.50) implied that this
model is significant. From the regression coefficients of
the variables, it is clear that the linear terms of all the
variables studied, interaction terms between variables
except the two interaction terms (time and sample size;
and NaOH solution concentration and sample size) and
the quadratic terms were significant. Significance of the
interaction terms between time and NaOH solution con-
centration (F value, 8.76, p-value 0.0097), and that of
solid to liquid ratio and sample size (F-value 13.48,
p-value 0.0023) are less significant than the interaction
terms between time and solid to liquid ratio (F-value
24.15, p-value 0.0002), and NaOH concentration and
solid to liquid ratio (F-value 39.99, p-value < 0.0001).

The response surfaces of the significant interaction ef-
fects on the wood dissolution are shown in Figure 4. The
percentage of wood dissolution affected by different
NaOH concentration and extraction time was shown in

S. PANTHAPULAKKAL, M. SAIN

Figure 4(a), where solid to liquid ratio and sample size
were kept constant at 1:14 (g/mL) and 7.5 (g) respec-
tively. Extraction time and NaOH concentration time
exhibited a positive impact on the wood dissolution and
the wood dissolution increased with the increase of time
of extraction and sodium hydroxide concentration.
Maximum the wood dissolution at a constant level of
NaOH solution (6 wt%) and sample size (7.5 g). The
figure indicated that maximum wood dissolution ocurred
for 25 minutes of extraction at a solid to liquid ratio of
1:8 g/mL. Effect of interaction terms of NaOH solution
concentration and solid to liquid ratio on the wood dis-
solution is shown in Figure 4(c). The extractions were
performed using 7.5 g of wood sample for 17.5 minutes.
The wood dissolution increased as the level of NaOH
concentration increased and a maximum of about 30 wt%
was observed when the NaOH concentration was at 8
wt%, and the solid to liquid ratio was 1:8 g/mL. Increase
in the sample size and solid to liquid ratio has a negative
impact on the wood dissolution (Figure 4(d)), when the
extraction was performed for 17.5 minutes using 6 wt%

(a) (b)
32 '
=}
= 34 .S
£% 2 30
Z 30 2 28
28 :
< 2 3 % 25.00
B 24 25.00 § 24 :
22 22.00
Z 35 22.00 22
19.00 2000 A: Time
. 16.00 A T; ! .
8.00 A: Time 17.00
13.00 14.00 13.00
5.00 10.00 Qalid to T el 11.00 10.00
B: NaOH Concentration ~ 4.00 C: Solid to liquid ratio 8.00
(c) (d
» 5 29
g 30 3
B8 =}
Z 2 2
2 B
5 26 2
R 8.00 <
= 2 7.00
20.00 6.00 . NaOH C
14.00 500
11.00 4.00
C: Solid to liquid ratio 8.00 D: Sample size

Figure 4. Response surface plots showing the interaction between the variables affecting the wood dissolution: (a) Interaction
between time and NaOH solution concentration; (b) Interaction between time and solid to liquid ratio; (c) Interaction
between solid to liquid ratio and NaOH concentration; (d) I nteraction between solid to liquid ratio and sample size.
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NaOH. Hence, 25 minutes of microwave irradiation of
the slurry using 8 wt% of NaOH solution at a solid to
liquid ratio of 1:8 (g/mL) is expected to provide a maxi-
mum amount of wood dissolution.

3.3. Effect of Extraction Variableson Yield of
Xylan

The yield of xylan (based on oven dry wood) obtained in
the CCD design are given in the Table 2. The lowest and
highest yields of xylan obtained in the design space were
4.33% and 22.49% respectively (run #14 and #15). Low-
est yield of xylan observed for the experiment corre-
sponds to the lowest amount of wood dissolution where
the levels of independent variables were: sodium hy-
droxide (-2, 2 wt%), time (0, 14 minutes), solid to liquid
ratio (0, 1:14 g/mL) and sample size (0, 7.5 g). Contrary
to the maximum wood dissolution (run #19), the highest
yield of xylan (run #15) was obtained when all the inde-
pendent variables are at the higher levels; extraction time
(+1, 25 minutes), concentration of sodium hydroxide (+1,
8 wt%), solid to liquid ratio (+1, 1:20 g/mL), and sample
size (+1, 10 g). The yield of xylan obtained for run #19,
where maximum wood dissolution was observed, was
14.9%. The variation in yield can be attributed to the rise
in temperature of the wood slurry. The temperature of the
slurry after run #19 was 98.5°C, whereas that of run #15
was 83.5°C. High wood dissolution is expected at higher
temperature, as the hydrolysis rate and dissolution of the
hydrolyzed components (hemicelluloses and lignin) in-
crease with the temperature. The high temperature gen-
erated might lead to the degradation of the hemicellu-
loses resulting in a low yield of xylan.

The effect of independent variables on the yield of xy-
lan was studied using the surface response quadratic
model given in the Table 3. The model was found to be
significant from the values of regression coefficients (R*
= 0.9715 and adjusted R* = 0.9450). The predicted R?
(0.8722) was closer to the adjusted R* and would give a
good fit to the statistical model used. The observed small
standard deviation of the model (1.08) and the high ade-
quate precision value (22.91) also indicates the repro-
ducibility and applicability of the quadratic model for the
prediction of yield of xylan. Figure 5 shows the pre-
dicted and actual yield of xylan obtained during the ex-
perimental design studied and the strong correlation ob-
served (R? = 0.9856) indicates the accuracy of the model.

The response surface contour plots of the significant
interaction terms are shown in Figure 6. Figure 6(a)
depicts effect of the interaction between time and solid to
liquid ratio on the yield of xylan (NaOH concentration
and sample size was kept at 6 wt% and 7.5 g respec-
tively), whereas Figure 6(b) shows the effect of interac-
tion between solid to liquid ratio and sample size (NaOH

Open Access
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Figure 5. Actual yield of xylan vs predicted yield of xylan.

concentration and time of extraction was kept at a con-
stant level of 6 wt% and 17.5 minutes respectively) on
the yield of xylan. Larger sample size and smaller solid
to liquid ratio resulted in a higher yield of xylan (Figure
6(b)), where as longer extraction time and larger solid to
liquid ratio resulted comparatively higher yield. It is clear
from all these results that larger sample size, higher con-
centration of NaOH, longer irradiation time, and smaller
solid to liquid ratio would lead to a higher yield of xylan.

3.4. Optimization of Microwave Assisted
Extraction of Xylan and Validation of the
M odel

The objective of the study was to find the microwave
assisted extraction conditions that result in the highest
yield of xylan from birch wood. The optimal extraction
conditions for obtaining the highest yield of xylan were
extracted by the Design Expert software using a numeri-
cal optimization. Several potential solutions were pro-
vided by the software, and based on the experimental
feasibility, the following optimum operating settings
were selected for obtaining a higher yield of xylan: time
(A) = 25 minutes, NaOH concentration (B) = 8 wt%,
solid to liquid ratio (C) = 1:8 g/mL, and sample size (D =
10 g. Four replicates of the extraction were performed at
this optimal extraction conditions. The results of the ex-
traction with the respective predicted values are given in
the Table 5.

Based on the numerical optimization condition se-
lected, the maximum yield predicted was 22.66% (OD
wood basis) with a standard deviation of 1.08. The pre-
dicted wood dissolution, and temperature at this point
were 33.53% (standard deviation 0.36) and 96.46°C
(standard deviation 0.69) respectively. The yield of xylan,
wood dissolution, and temperature of the slurry obtained
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Figure 6. Response surface plots showing the interaction between the variables affecting the yield of xylan: (a) Interaction
between time and solid to liquid ratio; (b) I nteraction between solid to liquid ratio and sample size.

Table 5. Experimental and predicted values of wood dissolution, yield of xylan, and temperature at the optimum extraction

conditions used for the alkaline extraction of xylan.

Wood dissolution (%) Yield of xylan (%) Temperature ("C)
Optimized extraction conditions
Experimental Predicted Experimental Predicted Experimental Predicted
Time: 25 minutes
NaOH concentration: 8 wt%
Solid to liquid ratio: 1:8 (g:mL) 33.78 33.53 21.27 22.66 97.63 96.46
Sample size: 10 g +0.21 +0.36 +2.6 +1.08 +0.5 +0.69

were 21.27% + 2.65%, 33.78% =+ 0.21%, and 97.67% =+
0.47% respectively. The experimental values obtained
were found to be in good agreement with the values cal-
culated from the models suggesting that the quadratic
surface models were adequate for the optimization of
microwave assisted extraction under study. Wood used
for this study contained 29.35% of xylan. Conversion of
the yield of xylan obtained based on oven dry basis of
wood to that of original xylan present in wood indicated
that about 72.5% of the xylan present in birch wood can
be extracted by 25 minutes of low temperature micro-
wave assisted extraction. Though there is no available
literature for direct comparison, Sun et al. [17] reported
that a low temperature alkaline extraction of wheat pro-
vided 76.4% of xylan, when wheat straw was treated
with 1.5% NaOH at solid loading of 2.5% dry matter for
144 hours at room temperature. It is clear that great re-
duction in the extraction time can be obtained using mi-
crowave assisted extraction for a similar yield of xylan.
In a recent study [31] using microwave assisted alkaline

Open Access

extraction, a similar type of xylan yield (73.6%) was re-
ported in the supernatant obtained from wheat straw ex-
traction. The respective reaction conditions reported were
5% NaOH solution at a temperature of 140°C with 10
minutes preheating time and 10 minutes of residence
time for 3.5 g of wheat straw with a solid to liquid ratio
of 1:10 using an input power of 265 W. A total of 14 g of
samples were used for extraction in a single batch. The
energy input for the extraction can calculated as the mul-
tiple of the power input into the reaction chamber and the
sum of the preheating and residence time in seconds. The
energy calculated for this extraction was 318 kJ and the
energy input per g of wheat straw calculated as 22.7 klJ/g.
In our study, the energy input at the optimized extraction
conditions for getting maximum yield of xylan was cal-
culated as 66 kJ and the energy input per g of wood fi-
bres was 6.6 kJ/g. Though it is not appropriate to com-
pare two different raw materials, it is clear that optimiza-
tion of the reaction conditions are necessary to obtain
maximum yield of xylan with lower input of energy.
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4. Conclusion

Central composite design and surface response method-
ology were employed to optimize the low-temperature
microwave assisted alkaline extraction of xylan from
birch wood. The effect of four extraction parameters
(time, alkali concentration, solid to liquid ratio and sam-
ple size) on the temperature of the wood slurry, wood
dissolution, and yield of xylan were studied. Three qua-
dratic polynomial models were developed to correlate the
extraction variables with the three responses. Analysis of
variance (ANOVA) of the models developed indicated
the statistical significance of the models for the predic-
tion of each response studied. Temperature of the slurry,
and wood dissolution were significantly influenced by all
the four extraction parameters, whereas the yield of ex-
traction was not affected by the linear effect of solid to
liquid ratio. Process optimization was conducted to maxi-
mize the yield of xylan and the experimental values ob-
tained for the respective yield of xylan, wood dissolution
and temperatures were found to agree satisfactorily with
the quadratic model used for xylan extraction. Optimum
conditions used for the maximum extraction of xylan
from birch wood under microwave irradiation were: 10 g
of wood fibres, 8 wt% of NaOH solution, 1:10 solid to
liquid ratio (g:mL) and 25 minutes of irradiation time. 22
wt% of xylan (OD) was obtained from about 34% of the
dissolved wood at the optimal extraction conditions.
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