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Wenming He*, Huiren Hu and Wang Li

Multivariate-parameter optimization of the 
alkaline peroxide mechanical pulp (APMP) 
process for larch (Larix gmelinii Rupr.) using  
Box-Behnken design

Abstract: The study is aiming at the finding of optimal 
pulping conditions for the alkaline peroxide mechanical 
pulping process applied to larch in terms of brightness  
(% ISO) and tensile strength (TS). Based on three vari-
ables, the Box-Behnken experimental design was applied 
to determine the effects of the first-stage and second-stage 
dosages of H2O2 and the impregnation temperature on % 
ISO and TS. The equations based on the quadratic regres-
sion analysis were developed, which describe the response 
behaviors as the simultaneous functions of the selected 
independent variables. The best brightness achieved was 
75.4% ISO under the following conditions: first-stage H2O2 
3.5%, second-stage H2O2 3.54%, and impregnation temper-
ature 81.4°C. The best TS (37.2 N·m g-1) was found under the 
following conditions: first-stage H2O2 2.4%, second-stage 
H2O2 3.9%, and impregnation temperature 90°C.

Keywords: alkaline peroxide mechanical pulping (APMP), 
Box-Behnken experimental design, ISO brightness, larch, 
tensile strength
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Introduction
In recent years, the high-yield pulps were developed. This 
research area has numerous variations concerning the 
raw materials (including annual plants, hardwoods, soft-
woods), aspects of chemistry and refining (pulping chemi-
cals, pretreatments, refiners), and analysis as revealed in 
the recent literature (Hedjazi et al. 2008, 2009; Iakovlev 
et al. 2009; Vicentim et al. 2009; Al-Dajani and Tschirner 
2010; Liu et al. 2010; Hörhammer et al. 2011; Yamamoto 
et al. 2011; Zhang et al. 2011a; Hafrén et al. 2012). Many of 

them are based on the bleached chemo-thermomechanical 
pulping (BCTMP), alkaline peroxide mechanical pulping 
(APMP), and preconditioning refiner APMP of hardwood. 
These products could replace the bleached hardwood 
kraft pulps in many value-added applications due to their 
unique characteristics in terms of bulk, opacity, and stiff-
ness (Hui et al. 2009; Liu et al. 2011a; Zhang et al. 2011b; 
Latibari et al. 2012). These products can be obtained 
at high quality at yields ∼90% (Browne 2011). In China, 
many new APMP and preconditioning refiner APMP pro-
ducing lines have been installed in recent years (Liu et al. 
2011b). The paper industry is on the search for new hard-
wood species as raw materials, such as aspen and birch, 
as well as for unusual softwoods, such as pine and larch 
(Larix gmelinii Rupr.).

Larch is a primary raw material for pulp and paper 
industry in China. The advantage of larch is the long fiber 
length, its excellent growth rate, and its high adaptability 
to cultivation (Kojima 1996). However, its wood is charac-
terized by thicker cell walls and higher extractives contents 
than in the case of other raw materials. Moreover, it is easily 
attacked by fungi during storage leading to blue colors. 
The lower brightness of larch pulps, usually 50–60% 
ISO, is a heavy shortcoming, which limits its usage. It is 
very difficult to bleach the larch APMP to brightness more 
than 65% ISO (Xu et al. 2002; Ohmura et al. 2005; Martti  
et al. 2006; Thomas et al. 2008). The brightness of larch 
sulfonated chemomechanical pulp (SCMP) is usually 
∼50% ISO if bleached by a single-stage bleaching with 
H2O2 or sodium dithionite (Na2S2O4). The major reason for 
the low SCMP brightness of larch is the presence of flavo-
noid polyphenols in the heartwood, which cause serious 
darkening in alkaline milieus (Zou and Jiang 1990; Liu 
et al. 2002).

The reasonable exploiting of larch is a great challenge 
for the pulping and papermaking industry against the back-
ground that the availability of other softwoods is decreas-
ing and that the requirement for long fibers in the paper 
industry is increasing. These are the reasons why the APMP 
process of larch is the focus of the present investigation.
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728      W. He et al.: Optimization of the APMP process

The response surface methodology (RSM) was success-
fully applied to different optimization problems (Rosli et al. 
2005; Senthil Kumar et al. 2008; Alireza and Pejman 2010; 
Ferrer et al. 2011; Poojary and Mugeraya 2012). However, 
the effect of this promising methodology is not yet known 
for the APMP process of larch. Therefore, this task was 
the focus of the present work; to say it more precisely, the 
process should be modeled and analyzed through the Box-
Behnken design (BBD). The effects of three significant vari-
ables (first-stage dosage of H2O2, second-stage dosage of 
H2O2, and impregnation temperature) should be observed 
on brightness and tensile strength (TS). The hypothesis is 
that the APMP of larch has still an improving potential.

Materials and methods

Raw material
Larch wood was collected from a paper mill in northeast China. The 
wood was chipped to the size of industrial chips. For chemical analy-
sis, the chips were ground in a Wiley mill (Paul N. Gardner Company, 
Inc., FL, USA), and the fractions of 40–60 mesh size were collected. 
The following TAPPI standards were applied: T-222 om-88 (lignin 
determination), T9m-54 (holocellulose isolation), T-204 om88 (etha-
nol-benzene extractives), T-211 om-93 (ash determination), and T-233 
cm-84 (determination of pentosans). Based on these methods, larch 
contains 69.2% holocellulose, 26.8% lignin, 0.33% ash, 3.8% extrac-
tives, and 12.1% pentosans.

Determination of the fiber dimensions
The samples were macerated in a solution of acetic acid (HAc) 
(Tianjin Concord Technology Co., Ltd., Tianjin, China) and H2O2 

(Tianjin Baishi Chemical Industry Co., Ltd., Tianjin, China) (1:1). 
The average fiber length (2.78 mm) and width (37.1 μm) were de-
termined by the L&W Fiber Tester (ABB Lorentzen & Wettre Inc., 
Kista, Sweden).

APMP pulping
The APMP process generally includes the washing of wood chips, 
pretreatment, two stages of extruding, two stages of chemical im-
pregnation, three stages of refining, latency removal, screening, 
H2O2 bleaching, handsheets making, and testing (Figure 1; Duan et 
al. 2011).

Pretreatment
Before chemical impregnation, the chips were impregnated in cool 
water at room temperature for 24 h and then impregnated in hot wa-
ter (the liquid-to-wood ratio is 4:1) at 95°C for 1 h. The pulping experi-
ments after pretreatment were carried out on a model screw device 
(MSD) [WenRui Machinery (Shandong) Co., Ltd., Shandong, China]. 
The compression ratio was   ≥  4:1, which is favorable for impregna-
tion. The device consists further of a cooking tank (XianYang TongDa 
Light Industry Equipment Co., Ltd., Shaanxi, China) and KRK refiner 
(Kumagai Riki Kogyo Co., Ltd., Tokyo, Japan).

Chemicals impregnation
The pretreated larch chips were submitted to an alkaline peroxide 
treatment. The different levels of NaOH (Tianjin Chemical Reagent 
Co., Ltd., Tianjin, China) and H2O2 were applied, but their ratio was 
always 1:2.5. The amounts of the other chemicals for H2O2 stabiliza-
tion included sodium silicate (4%) (Tianjin Baishi Chemical Industry 
Co., Ltd., Tianjin, China), magnesium sulfate (Tianjin Yongda Chemi-
cal Reagent Co., Ltd., Tianjin, China) (0.1%), and diethylene triamine 
pentacetate acid (0.5%) (Tianjin Yongda Chemical Reagent Co., Ltd., 

1   Chip storage

2   Metering screw
3   Chip washer
4   Metering screw
5   Dewatering screw

6   Model screw device (1#)

8   Model screw device (2#)

7   Impregnator (1#)

9   Impregnator (2#)
10   Reactor
11   Discharge screw
12   Refiner (1#)

14   Refiner (2#)
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7
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Figure 1 Diagram of APMP process.

Brought to you by | Lakehead University
Authenticated | wenmy_he@yahoo.com.cn author's copy

Download Date | 2/3/14 10:17 PM



W. He et al.: Optimization of the APMP process      729

Tianjin, China), and this dosage was kept constant for all treatments. 
The first-stage impregnation was performed with a liquor-to-wood ra-
tio of 4:1 in a cooking tank at 70–90°C for 1 h. After that, the chips were 
extruded by the MSD again. Then, the chips were submitted to the 
second-stage impregnation.

Refining
Huang et al. (2012) reported on the morphologic change of fibers  
during refining and the corresponding paper properties. Based on 
this experience, the chemically treated chips were defibrated at mid-
dle consistency in a single disc refiner in three stages. The pulp was 
refined to 200–300 ml Canadian standard freeness (according to 
TAPPI T-227 om-99).

Bleaching
After refinement, H2O2 bleaching was performed in sealed plastic 
bags in a water bath at 90°C and at high consistency of 25% for 2 h. 
The total dosage of H2O2 was 10%. The liquor mixture in the plastic 
bags was composed of H2O2, NaOH, and a mixture of additives for 
H2O2 stabilization, as pointed out above.

Handsheets and testing
The handsheets were formed according to TAPPI standard (T-205 om-
08), and the brightness and TS of the sheets were measured on five 
replicated samples according to T-452 om-08 and T404 cm-92.

Experimental design and statistical analysis
The BBD was employed as a statistical tool at three levels of three 
variables. The preliminary studies with several variables using the 
one-variable-at-a-time approach revealed the importance of the dos-
age of H2O2, impregnation temperature, and NaOH dosage. The ratio 
of NaOH/H2O2 should be limited to values between 2 and 5; other-
wise, the pulp brightness becomes very low due to serious alkaline 
darkening. Therefore, the BBD was employed for the first-stage and 
second-stage of H2O2 dosage and impregnation temperature to im-

prove the APMP brightness and TS. The coded levels of the parameter 
are designated as -1, 0, and +1; the total number of experiments is 17 
as shown in Tables 1 and 2.

Statistical analysis
The response surface regression (RSREG) procedure of the Design 
Expert version 8.0 (Stat-Ease, Inc., Minneapolis, MN, USA) was ap-
plied for fitting the experimental data (Table 2) to the second-order 
polynomial equation:

3 2 3 3
2

0
1 1 1 1

i i ij i j ii i
i i j i i

Y X X X Xβ β β β
= = = + =

= + + +∑ ∑∑ ∑
 

(1)

where Y is the response variable (brightness,% ISO; TS in N·m g-1), 
Xi and Xj are the actual independent variables, and β0, βi, βii, and βij 
are the regression coefficients of variables for the intercepts and for 
the linear, quadratic, and second-order interaction regression terms, 
respectively (Naveenchandra et al. 2011). The tables with the results 
of analysis of variance (ANOVA) were generated, and the effect and 
regression coefficients of individual linear, quadratic, and interac-
tion regression terms were determined. The significance of each coef-
ficient in the polynomial was tested with an F test. The regression 
coefficients formed the basis for statistical calculations to generate 
the 3D response surface graphs and 2D contour plots.

Verification of model
The optimal conditions of APMP brightness and TS depended on the 
mentioned parameters were obtained by the RSM. For the verification 
of the model, APMP was prepared under optimal conditions and the 
parameters brightness and TS were determined.

Table 1 Experimental range and levels of the independent variables 
in terms of coded factors.

Independent parameters Symbols Levels

Actuala Codeda -1 0 +1

First-stage H2O2 dosage (%) X1 A 1.5 2.5 3.5
Second-stage H2O2 dosage (%) X2 B 2.5 3.5 4.5
Impregnation temperature (°C) X3 C 70 80 90

A = X1-2.5, B = X2-3.5, C = (X3-80)/10.
aCoded level limits are based on preliminary investigations and also 
to reflect the experiments.

Table 2 BBD matrix for the optimization of parameters affecting ISO 
brightness and TS.

Run

Independent variables Response (Y)

A B C ISO (%) TS (N·m g-1)

1 -1 0 -1 73.06 30.18
2 0 -1 -1 70.16 31.76
3 0 1 1 69.85 35.29
4 0 0 0 73.02 35.83
5 -1 -1 0 69.33 27.86
6 1 0 1 75.12 31.95
7 0 0 0 73.02 35.11
8 -1 1 0 71.38 29.59
9 0 -1 1 68.94 29.22

10 -1 0 1 71.32 31.76
11 0 0 0 72.85 35.91
12 0 1 -1 71.47 24.7
13 1 -1 0 72.94 23.94
14 0 0 0 73.26 35.25
15 1 0 -1 74.25 24.43
16 1 1 0 73.37 24.06
17 0 0 0 72.74 35.19
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730      W. He et al.: Optimization of the APMP process

Results and discussion

Fitting the model

The RSREG procedure of the “design expert” software was 
employed to fit the second-order polynomial Eq. (1) to 
the experimental data, represented as brightness and TS 
in Table 2. In the following prediction equations, Y1 is for 
brightness (ISO%) and Y2 is for TS:

Y1 = 14.27538-7.4825X1+18.72225X2+ 
0.8643X3-0.405X1X2+0.06525X1X3+0.01X2X3+ 

 1.00075X1
2-2.33175X2

2-0.0064925X3
2 (2)

Y2 = -7.66638+12.1475X1+4.14925X2+0.35665X3-
0.5025X1X2+0.1485X1X3+0.32825X2X3-4.819X1

2- 
 4.1565X2

2-0.01039X3
2 (3)

where X1, X2, and X3 are the actual values of the opera-
tional variables (first-stage and second-stage H2O2 dosage 
and impregnation temperature, respectively). Some non-
significant terms, such as X1X2 and X2X3 for brightness 
and X2 and X1X2 for TS, were neglected, and the predicted 
model was not refitted.

ANOVA

The results of ANOVA for the BBD are presented in Table 3.  
As listed in Table 3, which contains the data of model 
fitting, the regression coefficients R2 were found to be 0.98 
for brightness and 0.99 for TS, which indicate that ∼98% 
and 99% of the total variation in brightness and TS can be 
explained by the model. The model was found to be highly 
significant as evident from the F test (P = 0.001). The P value 
denoting the significance of the coefficients is important 
in understanding the pattern of the mutual interaction 
between the variables (Singh and Bishnoi 2012). The cor-
responding variables would be more significant in case of 
greater F and smaller P values (Atkinson and Donev 1992).

The “lack-of-fit” analysis, which measures the failure 
of a model to represent the data in the experimental 
domain, was also carried out (Table 3). The nonsignifi-
cant P values of “lack-of-fit” (P > 0.05) indicate that the 
experimental data obtained are in good agreement with 
the model. If this P value would be P < 0.05, a more com-
plicated model would have been required for data fitting. 
The “lack-of-fit” model F and model P (P > F) were found 
to be 1.7, 39.3, and  < 0.0001 for ISO brightness and 6.3, 81.7, 

Table 3 ANOVA for the ISO brightness (Y1) and TS (Y2) in coded levels of variables.

Source

Sum of squares DF Mean square F value P value, P > F Significant?

ISO TS ISO TS ISO TS ISO TS ISO TS ISO TS

Model 49.26 306.32 9 9 5.47 34.04 39.31 81.67  < 0.0001  < 0.0001 Yes Yes
A-X1 14.02 26.68 1 1 14.02 26.68 100.67 64.03  < 0.0001  < 0.0001
B-X2 2.76 0.026 1 1 2.76 0.026 19.83 0.063 0.0030 0.8083
C-X3 1.72 36.77 1 1 1.72 36.77 12.35 88.23 0.0098  < 0.0001
AB 0.66 1.01 1 1 0.66 1.01 4.71 2.42 0.0666 0.1635
AC 1.70 8.82 1 1 1.70 8.82 9.17 21.17 0.0143 0.0025
BC 0.04 43.10 1 1 0.04 43.10 0.29 106.43 0.6086  < 0.0001
A2 4.22 97.78 1 1 4.22 97.78 30.28 234.64 0.0009  < 0.0001
B2 22.89 72.74 1 1 22.89 72.74 164.39 174.56  < 0.0001  < 0.0001
C2 1.77 4.55 1 1 1.77 4.55 12.75 10.91 0.0091 0.0131
Residual 0.97 2.92 7 7 0.14 0.42
Lack of fit 0.54 2.40 3 3 0.18 0.80 1.66 6.26 0.3117 0.0544 No No
Pure error 0.43 0.51 4 4 0.11 0.13
Cor total 50.24 309.23 16 16

Model fitting

SD CV (%) R2 Adjusted R2 Predicted R2 Adequate precision

ISO TS ISO TS ISO TS ISO TS ISO TS ISO TS

0.37 0.65 0.52 2.1 0.9806 0.9906 0.9556 0.9784 0.8145 0.8730 20.25 23.43

DF, degrees of freedom for evaluation; F, test for comparing model variance with residual (error) variance; P, probability of seeing the 
observed F value, if the null hypothesis is true; “P > F” < 0.0500 significant; “P > F” > 0.0500 nonsignificant; SD, standard deviation;  
CV, coefficient variation; Cor total, total corrected.
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Figure 2 Plots “predicted values vs. experimental values” based 
on the RSM model for ISO brightness (a) and TS (b).

and  < 0.0001 for TS, respectively (Table 3). Accordingly, 
the “lack-of-fit” is not significant relative to the pure error, 
and consequently, the model is significant.

A lower value for coefficient of variation (CV) is for a 
higher reliability of the experiments. In the present case, 
the 0.52% CV value for ISO brightness and the 2.10% 
CV value for TS demonstrate the reliability of the trials 
(Table 3). The coefficients of the full model were analyzed 
for their significance, and the nonsignificant ones were 
eliminated by backward elimination. The P value of the 
adjusted model was  < 0.05, indicating the statistical valid-
ity of the model (in the case of P > 0.05, the opposite would 
be true).

As shown in the data in Table 3, linear terms (A, B, and 
C), square terms (A2, B2, and C2), and two-way interaction 
terms (AC, except AB and BC) with P < 0.05 are significantly 
affecting the ISO brightness. The linear terms (A and C, 
except B), square terms (A2, B2, and C2), and two-way inter-
action terms (AC and BC, except AB) with P < 0.05 are sig-
nificantly affecting the TS.

In Figure 2, plots “predicted values vs. experimental 
data” are presented for brightness and TS. Obviously, the 
two data sets are in good correlation and it can be safely 
concluded that the developed model is adequate.

Effects of independent variables

The results of ANOVA for the BBD are presented in  
Table 3. For brightness, the first-stage dosage of H2O2 has 
the greatest effect on the response, with the highest F 
value of 100.7. This is not in agreement with the literature 
data obtained from eucalyptus (Sun and Hou 2002). This 
can be probably explained with the deviating NaOH/H2O2 
ratios, being in the present paper 2/5 and in the quoted 
one 8. For TS, the impregnation temperature has the 
highest F value of 88.2, whereas the second-stage dosage 
of H2O2 (X2) exhibits less effect.

The 3D response surface graphs (Figure 3) are pre-
sented based on the model equations. These are contour 
plots as a function of the conditions of the two variables 
in focus while keeping the other two variables constant at 
their central levels. Almost all interactions in the designed 
experiments produced a “nearly spherical” variance func-
tion. This means that the effects are partly independent, 
but they are also interrelated. Both the maximal bright-
ness and the TS can be predicted.

The influence of the first-stage H2O2 dosage is quadratic 
on the responses (Figure 3). The brightness is decreasing 
with the increment of this parameter to a certain value; 
thereafter, it is increasing (Figure 3a and 3b). In Figure 3b, 
the effect of first-stage H2O2 was greater at higher dosage 
levels. Probably, H2O2 removes also flavonoid polyphe-
nols, which are detrimental for the larch brightness. On 
the contrary, the TS is increased with increasing first-stage 
H2O2 dosages to a certain value; thereafter, the data are 
decreasing (Figure 3a′ and 3b′). Both dependent variables 
are increasing parallel to the higher second-stage H2O2 
dosages to a certain value and then they are decreasing 
(Figure 3). In Figure 3b′ and 3c′, the effect of the two H2O2 
dosages was greater at higher temperatures. There are two 
possibilities of interpretation: (1) there are more residual 
peroxides at low temperatures and (2) at higher tempera-
tures the fibers are softened.

Optimization conditions and model 
verification

The regression analysis by Eq. (1) was helpful to 
obtain the optimized data. The best brightness was 
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Figure 3 3D response surface plots concerning the effects of first-stage (a) and second-stage (b) H2O2 dosages and impregnation  
temperature (c) on the ISO brightness (left) and TS (right).

Table 4 Optimal conditions of the investigated APMP process.

Optimal conditions Values

First-stage  
H2O2 dosage (%)

Second-stage 
H2O2 dosage (%)

Impregnation 
temperature (°C)

Predicted Experimentally  
found

Best ISO (%) 3.50 3.54 81.4 75.43 74.51
Best TS (N·m g-1) 2.44 3.91 90.0 37.23 36.25
Best ISO (%) and 
Best TS (N·m g-1)

3.06 3.68 86.8 73.8/34.7 73.1/33.9

Data predicted and experimentally found for the best ISO brightness and TS.

Brought to you by | Lakehead University
Authenticated | wenmy_he@yahoo.com.cn author's copy

Download Date | 2/3/14 10:17 PM



W. He et al.: Optimization of the APMP process      733

75.4% ISO with first-stage H2O2 dosage of 3.50% 
(based on the oven-dried material), second-stage H2O2 
dosage of 3.54%, and impregnation temperature of 
81.4°C (Table 4). The best TS of 37.2 N·m g-1 (Table 4) 
was obtained with first-stage H2O2 dosage of 2.44%, 
second-stage H2O2 dosage of 3.91%, and impregna-
tion temperature of 90.0°C. The verification experi-
ments were performed under the indicated optimal 
conditions. The results are 74.5% ISO brightness and  
36.2 N·m g-1 TS. These data corroborate the validity 
and the effectiveness of the model developed. Accord-
ingly, the RSM can be designated as successful for 
determining the optimal values of the individual  
variables.

Conclusions
Through ANOVA analysis, the first-stage H2O2 dosage was 
found to have the most significant effects on APMP bright-
ness compared with the second-stage H2O2 dosage and 
impregnation temperature. The best theoretical bright-
ness 73.8% ISO and TS 34.7 N·m g-1 (Table 4) were obtained 
under the following conditions: first-stage H2O2 3.06%, 
second-stage H2O2 3.68%, and impregnation temperature 
86.8°C. The corresponding experimental values were 
73.1% ISO brightness and 33.9 N·m g-1 TS. Both experimen-
tal data confirm the validity of the model applied.
Received October 23, 2012; accepted January 18, 2013; previously 
published online March 13, 2013
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