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Abstract: The paper investigates the second-order interactions of parameters in an alkali-activated mixture of paper production waste (PPW) and blast furnace slag (BFS) in Taguchi method. The PPW including lime mud (LM) and paper sludge (PS). This paper provides the experimental models to assess the compressive and flexural strength of them at 7-day and 28-day. The results have shown that the second-order interactions between PPW and alkali-activated activator exists in each experimental model, and the significant interactions affect the selection of optimal compositions. Compared with the interactions between the PPW themselves, the interactions between PPW and alkali-activated parameters are the main significant factors affecting its physical properties. In each experimental model, the maximum compressive strength was 47.41 MPa in 7-day and 65.64 MPa in 28-day. Compared with the confirmatory experiments, the deviation of prediction calculated by experimental models was 3.08% and 0.56%, respectively. The maximum flexural strength was 5.74 MPa in 7-day and 5.96 MPa in 28-day; compared with the confirmatory experiments, the deviation of prediction calculated by experimental models was 5.40% and 0.17%. Considering the influence of circular materials, 30% of PPW should be a suitable ratio to replace BFS as the raw material of alkali-activated slag (AAS).
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1  Introduction

As the globalization accelerates, sources exhaustion, environmental pollution, and climate warming have become challenges to all countries and industries, which has to be faced and tackled together. As far as the paper industry is concerned, the volume of worldwide paper production in 2018 was nearly 420 million tons [1], while 0.3–0.5 tons of waste was generated from producing 1 ton of paper [2]. The paper production waste (PPW) includes solid waste represented by lime mud (LM) and paper sludge (PS) [3,4]. LM is generated in the recovery circuit of chemicals, and PS is generated in the paper-making wastewater treatment process [5–8]. Normally, PPW is always buried or incinerated [4,9] and this causes water, soil and air pollution [10–12]. Therefore, finding a recycling method has become an urgent problem in the paper industry [13,14]. Considering that PPW’s potential could be used as building materials [15], replacing traditional building materials with PPW could be a reasonable way for the reuse of waste [16,17]. Meanwhile, by translating PPW into building materials, the energy consumption of cement industry and carbon emission can be effectively reduced [18,19].

In current studies, utilizing PPW as a substitute for Portland cement is one of the ways to translate translating wastes into building materials. Yan et al. [20] used PPW as a cement additive which reaches 2.5% content to cement mortar. Martínez-Lage et al. [21] and Malaiskiene et al. [22] used PPW to substitute the cement in the mortar partially and they suggested that the ratio of waste should not exceed 15%−20%. Ferreiro et al. [23] and Torres et al. [19] used 10% and 15% PS respectively to replace of Portland cement clinker. Buruberri et al. [6] calcinated LM to replace 16% of the raw material for Portland cement. Singh et al. [18] calcinated a mixture of LM, clay and blast furnace slag to replace part of raw material for low clinker cement. The maximum level of LM addition without affecting the properties was 20% in the cementitious binder. Considering manufacturing at ambient conditions, its potential ability makes PPW an appropriate source material for the alkali-activated cementitious binder. Antunes Boca Santa et al. [24] reported that a geopolymer made by bottom coal ash and calcined paper sludge with the ratio of 2:1 had a denser matrix with fewer cracks and imperfections. Novais et al. [25] evaluated that 25% of green dregs waste used in geopolymer would improve 71% tensile and 34% compressive strength than the reference mortar. Mamat et al. [26] replaced 5% of fly ash with paper sludge ash and found that the mechanical strength of mortar was enhanced. Saeli et al. [27] used 10% of LM, leading to 30% development of mechanical resistance in the geopolymeric mortars. Adesanya et al. [28] synthetized an alkali-activated mortar with 18% of PS substituted for BFS, and the maximum compressive strength was 42 MPa.

Although recently there are some studies on utilizing PPW as a raw material of cement or alkali-activated cementitious binder, there are still many problems to be resolved. One of the problems is the applicability of the research. Considering the diversity of waste sources on qualities and compositions, the universality of the single study result is undermined. Meanwhile, most studies focus on a single kind of PPW, but there are few reports on the systematic integration of different PPW and translating them into building materials, which means that the previous studies cannot systematically assess the possibility of translating wastes into building material in the paper industry. Therefore, it is necessary to find a way for the rapid screening of specific batches of PPW.

Taguchi method is a fractional factorial design method that can investigate a large number of parameters with a small number of experiments [29,30]. Compared with “Full-Factorial Experiments”, the advantage of the Taguchi method is the efficiency. Compared with “One-Factor-at-a-Time”, the advantage of the Taguchi method is the robustness of the output. Thus, Taguchi method has the effectiveness of cost and accuracy on the waste investigation. Recent researches have revealed the importance of Taguchi methods used in the optimization of concrete and mortar design [31,32]. Nowadays, although Taguchi method has been used on the feasibility of utilizing BFS [33,34], fly ash [35–37], and recycled aggregate [38] in building materials, the interactions of parameters are rarely evaluated in existing studies. According to the Taguchi method, the weak correlation of parameters is a prerequisite for using Taguchi method, and the significant interactions of design parameters undoubtedly affect the selection of optimal composition [39,40].

This study uses Taguchi methods and analysis of variance (ANOVA) to analyze the effect of the significant interaction of parameters in an alkali-activated mixture of PPW and BFS. The experimental models are established by significant factors to investigate different mechanical properties (compressive and flexural strengths of 7-day and 28-day). The optimal composition of each experimental model is given and verification experiments have been conducted. It is hoped that researchers using the Taguchi method to conduct similar research may ensure the accuracy of the optimization design through the proposed analysis of the interaction effects.

2  Materials and Methods

2.1 Materials

The materials used in this study were blast furnace slag (BFS), lime mud (LM) and primary sludge (PS). According to Taiwan Standard CNS12549 [41], the level of BFS powder was 80, and its specific gravity was 2.81 g/cm3. This were supplied by CHC Resources Corporation (Taiwan) [42]. The lime mud (LM) and primary sludge (PS) obtained from Chung Hwa Pulp Corporation (Taiwan) [43] were dried in an oven at 110°C for 24 h and sieved with a mesh size of 0.27 mm. The specific gravity of LM was 1.97 g/cm3, and the hydrogen ion concentration (pH value) was 11.36. The specific gravity of PS was 1.85 g/cm3, and the hydrogen ion concentration (pH value) was 9.03. The mineral compositions of three materials were analyzed by X-ray diffraction (XRD), as shown in Fig. 1. A broad hump was in the XRD spectrum of BFS over a range of 2θ angles, which meant it was composed of the amorphous phase. The LM exhibited a single diffraction peak of calcite, whereas the XRD patterns of PS were composed of calcite, aragonite, and silica. In terms of the composition of raw materials, PS has higher pozzolanic reactivity than LM, but the inertness of LM is more beneficial to the volume stability of the mortar. The chemical compositions of BFS, LM, and PS were shown in Table 1.
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Figure 1: XRD analysis of materials C: Calcite; A: Aragonite; S: Silica
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To simplify the manufacture and for convenient storage of raw materials, solid powder was used to prepare the activator solution. The sodium hydroxide pellet composition was 99.45% NaOH and 0.27% Na2CO3. The composition of sodium silicate powder was 46.07% SiO2, and 51.35% Na2O. Its silicate modulus (SiO2/Na2O) was 0.93. To vary the silicate modulus activator, the NaOH pellets content would be raised to change the Na2O ratio. The alkali equivalent of activator could be calculated by the weight ratio of Na2O to binder.

According to ASTM-C141 [44], quartz sands were dried in an oven at 105°C for 24 h and sieved with a mesh size of 2.36 mm, which were used as fine aggregates of mortar. The ratio of sands and binder equal to 2.75, and the water/binder (W/B) ratios are fixed at 0.55.

2.2 Experimental Design and Methods

2.2.1 The Principle and Experimental Model of Taguchi Method

The study chose the L16(215) table, which was two-level orthogonal array [45], and designed the heading of the table based on linear graphs to assess the effects of parameters and interactions. The distribution of parameters and interactions were given in Table 2. In the heading of the table, the preparation time of mortar (T), alkali equivalent (AE), silicate modulus (Ms), lime mud (LM) and primary sludge (PS) were the five parameters of this experiment. The interactions of parameters were expressed as A × B, which means the two-way interactions between A and B. In this experiment, the two-way interactions of parameters could be regarded as the independent factors because of the orthogonal array design [45]. The parameters and their interactions composed the factors of this study.
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Given the huge number of factors, the generalized linear model, which was built with experimental values directly, might not accurately evaluate the effects every factor. It is because the higher-order items possibly existed in the experimental model [46]. Therefore, linear regression models with logarithmic transformations (η = log(y)), which were the variables separable model (the addition mode) in the Taguchi method, were built to change the index of higher-order items into coefficient [45]. For any factor A, its effect was expressed as the change of mechanical properties while level A changed from −1 to +1 [39,45]. The calculation formula on the effect of A in this study was:


EA−1→+1=12(η¯A=+1−η¯A=−1)=∑⁡log(yA=+1)−∑⁡log(yA=−1)N
(1)

The parameter 
EA−1→+1
in Eq. (1) is the effect of A; A is the parameter of the study; N is the number of samples; 
η¯A=+1
and 
η¯A=−1
are the log mean of experimental values of level A = +1 and level A = −1, respectively.

The two-way interaction of parameters means that the effect of one of the parameters differs depending on the other level of parameter. Similar calculation applies to the effect of parameters; the level +1 of interactions can be defined as two parameters having the same level (the product of parameter level is +1), and the level −1 of interactions are the parameters that have the different level (the product of parameter level is −1). The calculation formula on the two-way interaction of A × B was [45]:


E(A×B)−1→+1=12(η¯(A×B)=+1−η¯(A×B)=−1)=η¯A=−1,B=+1+η¯A=+1,B=−12−η¯A=−1,B=−1+η¯A=+1,B=+122=−12⋅[∑⁡log(yAiBj)Ni=j−∑⁡log(yAiBj)Ni≠j]
(2)

The parameter 
E(A×B)−1→+1
in Eq. (2) is the two-way interaction of A × B; A and B are the parameters of the study; N is the number of samples; 
η¯(A×B)=+1
and 
η¯(A×B)=−1
are the log mean of experimental values of level A × B = +1 and level A × B = −1, respectively; i and j are the levels of parameter A and B, respectively. For the Taguchi experimental models, the mechanical property of one mixture can be expressed as the sum of the average mechanical property and effects of each significant parameter or interaction. The calculation formula on the mechanical property of one mixture was:


η(Ai,Bj,Ck,Dl,Em)=EA−1→+1⋅i+EB−1→+1⋅j+⋯+(−1)⋅E(A×B)−1→+1⋅i⋅j+(−1)⋅E(C×D)−1→+1⋅k⋅l+⋯+η¯
(3)

The A, B, and A × B, C × D, etc., in Eq. (3) represent the significant factors (including parameters and interactions) filtered by data analysis; i, j, k, m, n = −1 or +1, which is the level selected by each factor of the mixture; 
η¯
is the log mean of the average mechanical property of each experimental mixture. The effects of interactions mean the change of the interaction level from −1 to +1. However, when the two parameters of the interaction are at different levels, the product of levels is −1, which is contrary to the real coefficients of interactions. Hence the study set a −1 as a front coefficient for interactions. For example, the mixture composed with A+1, B−1, C+1, D−1, E+1 and the significant factors are A, E, B × E, B × C, the calculation formula on mechanical property was:


η(A+1,B−1,C+1,D+1,E−1)=EA−1→+1−EE−1→+1⋯−E(B×E)−1→+1+E(B×C)−1→+1⋯+η¯
(4)

Whether parameter or factor, the interaction of D is not the significant factor, so D is not in the calculation formula. The y can be translated by η from 
y=10η
, which is the predictive value of the mechanical property from the Taguchi experimental models. Factorial ANOVA evaluated the Significance of factors in SPSS and the contributions of factors in the Taguchi method [47]. The stepwise multiple regression analysis in SPSS was used to verify the applicability of the Taguchi experimental models.

2.2.2 Mixture Design of Ratio

According to the results of previous experiments [48], when the AE is in a range of 2% to 8% (step was 1.5%), the maximum of compressive strength on AAS slurry was at the 5% AE. Therefore, the level of activator solution of parameters could be set as AE = 5% and 10%; Ms = 0.5 and 0.9, and those levels form four kinds of activator by pairwise composition. Simultaneously, the results of previous experiments showed that the AAS slurry substituted for PPW by 20% had the optimal mechanical property. Because of this, the study chose 5% and 15% as the level of LM and PS, the ratio of PPW in the slurry. Therefore, 5% and 15% are used as the parameter ratio of LM and PS, so that the PPW has three kinds of ratios-10%, 20% and 30% in the experiment. The frequency of 20% of the total waste ratio is 50%, and the frequency of 10% or 30% of the total waste ratio is 25%. The level of parameters and the composition of mortar are shown in Tables 3 and 4.
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2.3 Mortar Preparation and Test

The repeated orthogonal experimental design was adopted in this experiment. Compressive and flexural strength of mortar were examined at 7- and 28-day. In advance, sodium hydroxide pellet and sodium silicate powder were dissolved in water as the activator and cooled down to room temperature. The solid materials were mixed for 2 mins and added in activator solution to prepare mortar according to ASTM C305 [49]. The specimens were cast in two layers of mortar into the molds (50 mm × 50 mm × 50 mm and 40 mm × 40 mm × 160 mm) and vibrated to eliminate the bubbles. Then the specimens were covered with plastic films to prevent moisture loss. In this investigation, specimens were demolded after 24 h of casting and stored in the control box at 23 ± 1°C and 95% relative humidity. According to ASTM C109 [50] and ASTM C348 [51], compressive and flexural strength were tested with the universal testing machine. Considering the size of samples required by experimental design, 6 specimens were prepared for each composition test of the compressive and flexural strength at 7-and 28-day, respectively. The average strength is listed in Table 5.
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3  Results and Discussion

3.1 Taguchi Method Experimental Mode

In this experiment, a multivariate analysis of variance (ANOVA) was used to test the significance of each factor. For the experimental models with excess significant factors (>7), ‘one-half criterion’ [39,45] was followed, and the contributions of the first seven factors were selected to construct them. For the experimental models whose significant factors were less than 7, the experimental models were built only by the significant factors. The linear regression analysis was then used to verify the correctness of experimental models by SPSS.

3.1.1 The Experimental Mode of Compressive Strength

From Table 6, with the significance factors selected by P-value < 0.01 (Prob > F), excess significant factors exist in the experimental models of compressive strength at 7 and 28 day. There were 14 significant factors in the experimental models of 7-day and 10 significant factors in the experimental models of 28-day. The ‘one-half criterion’ was used to investigate the contribution of the significant factors in those experimental models, the sequence of the first seven factors in the compressive strength at 7-day was Ms > AE > T × AE > T × Ms > LM > LM × PS > Ms × LM; the sequence of the first seven factors in the compressive strength at 28-day was Ms > T × AE > AE × LM > Ms × PS > T > AE × PS > T × PS. The experimental models were:

η7c(Ti,AEj,Msk,LMl,PSm)=η¯7c+0.0710⋅k+0.0501⋅j+0.0323⋅i⋅j+0.0300⋅i⋅k−0.0279⋅l−0.0259⋅l⋅m−0.0226⋅k⋅l

η28c(Ti,AEj,Msk,LMl,PSm)=η¯28c+0.0574⋅k−0.0491⋅i⋅j−0.0290⋅j⋅l−0.0235⋅k⋅m−0.0141⋅i−0.0139⋅j⋅m+0.0088⋅i⋅m
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3.1.2 The Experimental Mode of Flexural Strength

From Table 7, with the significance factors selected by P-value < 0.01 (Prob > F), there were 6 significant factors and 5 significant factors in the experimental models of 7 and 28 day flexural strength, respectively. Considering about the contribution of the significant factors in those experimental models, the sequence of the flexural strength at 7-day was Ms > T > AE > Ms × PS > AE × LM > Ms × LM; the sequence of the flexural strength at 28-day was AE > T > T × AE > Ms × PS > AE × Ms. The experimental models were:

η7f(Ti,AEj,Msk,LMl,PSm)=η¯7f+0.0420⋅k−0.0283⋅i+0.0266⋅j+0.0265⋅k⋅m−0.0183⋅j⋅l−0.0112⋅k⋅l

η28f(Ti,AEj,Msk,LMl,PSm)=η¯28f−0.0485⋅j−0.0260⋅i−0.0204⋅i⋅j−0.0187⋅k⋅m−0.0137⋅j⋅k
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3.1.3 Regression Analysis Verification of Experimental Models

The stepwise regression analysis was used to check the statistical accuracy of experimental models and evaluate the goodness of fit of experimental models. In the investigation, the confidence interval of ANOVA was 99%.

F-test was used to evaluate the statistical significance of experimental models. In Table 8, the F-value of each experimental model should be greater than the critical value of F-distribution. Since the 4 quality characteristics (the compressive and flexural strength at 7- and 28-day) all had 5 controllable parameters (T, AE, Ms, LM, PS) and 96 (16 terms × 6 specimens) independent samples, the critical value for an F-distribution was F0.01(5, 91) = 3.23. The F-value of η7c, η28c, η7f, η28f were 63.82, 152.65, 40.73, 38.04, and they were much larger than 3.23, which means the experimental models were statistically meaningful. P-value was used to evaluate the significance of each experimental model. The P-value ​​ of η7c, η28c, η7f, η28f were less than 0.01, which indicated that the results of the experimental models are reliable. In the investigation, Pearson product-moment correlation coefficient (R-value) was used to evaluate the goodness of fit of the experimental models. The R-value of ​​ η7c, η28c, η7f, η28f were 0.932, 0.963, 0.845 and 0.824. They were in the range of 0.8 to 1, which means each factor has a strong linear correlation with the results, and the experimental models all had good goodness of fit. Among them, the R-values of compressive strengths are greater than 0.9. Compared with the flexural strength, the experimental models of compressive strengths had better goodness of fit, which may be related to the number of significant factors.
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3.2 Significant Factors in the Experimental Models of Compressive Strength

3.2.1 Significant Interactions of PPW in the Experimental Models of Compressive Strengths

The significant interactions were mainly related to lime mud (LM) in 7-day compressive strength, and its coefficient accounted for 18.6% of the total significant factors in the experimental model. The significant interactions are shown in Fig. 2.
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Figure 2: The significant interactions of PPW in 7-day compressive strength (a) Interactions of Ms × LM (b) Interactions of LM × PS

With the ratio of LM increased in binder, the compressive strength showed different trends on the Ms and Ps at different levels. The compressive strength exhibited a small fluctuation with the low Ms concentration (0.5). And an increase in the ratio of LM from 5% to 15% with the high Ms concentration (0.9) resulted in a 19.2% reduction in the 7-day compressive strength (Fig. 2a). The different trends of 7-day compressive strength were most likely due to the [SiO4]4− concentration. Lower Ms level caused the scarcity of [SiO4]4−, which could not support the complete hydration [52]. With sufficient [SiO4]4−, the inertness of LM (main calcite) curtailed the binder dissolution [53], which decreased the 7-day compressive strength of specimens. PS had similar effects on the 7-day compressive strength. At the high PS proportion (15%), the compressive strength decreased 25.4% with the increase in LM from 5% to 15%. It indicates that the addition of 30% PPW may cause insufficient pozzolanic reactivity of sample, which results in a rapid decrease in compressive strength. In Fig. 2b, when the PPW ratio is 20%, its average strength is 29.92 MPa, which is higher than the compressive strength of the other two PPW ratios.

In experimental models of 28-day compressive strength, the significant interactions related to waste were AE × LM, AE × PS, AE × PS, AE × PS, and the coefficient accounted for 38.4% of the total significant factors in the experimental model. The significant interactions existed in AE and PPW, PS and alkali-activated parameters. The interactions of those factors are shown in Fig. 3.
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Figure 3: The significant interactions of PPW in 28-day compressive strength (a) Interactions of AE × LM (b) Interactions of AE × PS (c) Interactions of Ms × PS (d) Interactions of T × PS

From Figs. 3a and 3b, the 28-day compressive strengths had the same trend in AE × LM and AE × PS. It could be observed that the compressive strength increased when the ratio of waste increased with low AE concentration (5%); the compressive strength decreased when the ratio of waste increased with high AE concentration (10%). This was attributed to the OH− precipitated by PPW increases the pH of the activator at lower OH− concentration, which accelerates the hydration of the BFS. With the high level of OH− concentration, the increase in PPW ratio means that the amount of BFS involved in the reaction is reduced, and the scarcity of pozzolanic reactivity in PPW, which causes excess OH− to evaporate with water, forming carbonate on the surface of specimens and destroying the structure of CSH [54].

From Figs. 3c and 3d, in addition to the interaction of PS × AE, there was also a significant interaction in PS × T and PS × Ms. With the increase in LM from 5% to 15%, the 28-day compressive strength was enhanced by 10.3% at the low Ms concentration (0.5) and reduced by 12.2% at the high Ms concentration (0.9). This was related to the content of [SiO4]4−. With the lower Ms concentration level (0.5), the increase in waste enhanced the nucleation effect [55] and thus increased the precipitation of CSH [56,57]; with sufficient [SiO4]4−, the pozzolanic reactivity of paper sludge was inferior to BFS, which led to a decrease in compressive strength. From the interaction of PS and preparation time (Fig. 3d), with the increase in LM from 5% to 15%, the 28-day compressive strength was reduced by 9.0% at the low T level (10 min) and enhanced by 3.7% at the high T level (20 min). This might be attributed to the extent of preparation time that increased the dissolution of waste in the activator [54], due to the inertness of PS, a longer reaction time is required.

3.2.2 Control Parameters in the Experimental Models of Compressive Strengths

In addition to PPW, alkali-activated conditions also had an important impact on compressive strength. In the experimental mode of compressive strength, the contribution of the Ms accounted for 38.28% and 40.32% of the total parameters in the 7-day and 28-day compressive strength respectively. In terms of the increase in Ms from 0.5 to 0.9, the 7-day and 28-day compressive strength increased by 9.62 and 11.32 MPa, respectively. The trend of compressive strength was the same as alkali-activated slag (AAS) [58,59]. This was attributed to the increase of Ms that could promote CSH formation and contribute to a denser microstructure [60]. However, limited by the sodium silicate powder, the maximum of Ms in the study was 0.9. Compared with the optimal module section of AAS [61], Ms still could be improved to an extent.

The high concentration of AE was conducive to the 7-day compressive strength. With the increase in AE from 5% to 10%, the 7-day compressive strength was enhanced by 6.54 MPa. It was attributed to the high concentration of Na+ and OH− that accelerated the dissolution of raw material and the formation of hydrates [62,63]. This was also reflected in T × AE. The increase in preparation time and OH− concentration both resulted in a higher dissolution of raw material.

3.3 Significant Factors in the Experimental Models of Flexural Strength

3.3.1 Significant Interactions of PPW in the Experimental Models of Flexural Strengths

In experimental models of 7-day flexural strength, the significant interactions related to waste were Ms × PS, AE × LM, Ms × LM, and the coefficient accounted for 36.6% of the total significant factors. In experimental models of 28-day flexural strength, the significant interactions related to waste were Ms × PS, and the coefficient accounted for 14.7% of the total significant factors. The interactions of those factors are shown in Fig. 4.
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Figure 4: The significant interactions of PPW in flexural strength (a) Interactions of AE × LM (7-day) (b) Interactions of Ms × LM (7-day) (c) Interactions of Ms × PS (7-day) (d) Interactions of Ms × PS (28-day)

From Figs. 4a and 4b, AE and Ms had the same effects on the 7-day flexural strength with the increase of LM substitution. Similar to Ms × LM in the 7-day compression strength, this was attributed to the face that the deficiency in OH− and [SiO4]4− could not support the hydration of AAS at the low AE and Ms concentration. With the high AE and Ms concentration, the inertia of LM might decrease the flexural strength.

In the interactions of Ms × PS, the 7-day and 28-day flexural strength were completely opposite. At the low Ms concentration (0.5) (Fig. 4c), 7-day flexural strength declined by 7.8% and 28-day flexural strength enhanced by 4.9% with the increase of PS. At the high Ms concentration (0.9) (Fig. 4d), 7-day flexural strength enhanced by 16.3% and 28-day flexural strength declined by 11.2% with the increase of PS. This was because the lignin in PS slowed down the hydration, thus improving the shrinkage and stability of the mortar [64], and facilitating the 28-day flexural strength at the low [SiO4]4− concentration. At the high [SiO4]4− concentration, the increase in PS enhanced nucleation effect, making the 7-day flexural strength increase rapidly. However, in the consideration of the scarcity of pozzolanic reactivity, the increase of PS substitution also caused the 28-day flexural reduction.

3.3.2 Control Parameters in the Experimental Models of Flexural Strengths

In the experimental models of 7-day flexural strength, the contribution of the Ms accounted for 28.34% of the total parameters. Combined with the effect of Ms increasing, the 7-day flexural strength increased by 0.8 MPa. It was not the same as AAS [60,65], which might be attributed to the insufficiency of [SiO4]4− at the low Ms concentration. In the experimental models of 28-day flexural strength, the contribution of the AE accounted for 40.15% of the total parameters. The flexural strength decreased rapidly with the increase of AE. This was attributed to the shrinkage caused by excessive alkali [54,66], which generated micro-cracks decrease the flexural strength.

3.4 Analysis of PPW Substitution Ratio

As the purpose of Taguchi Method is to find an optimal composition of alkali-activated binder, it is necessary to investigate the different ratios of PPW substituted for BFS in the mixture. The strengths of different ratios in binder are shown in Fig. 5.
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Figure 5: The impact of PPW substitution ratio (a) compressive strength (b) flexural strength

As seen in Fig. 5, with LM = 5% and PS = 15%, the 7-day compressive and flexural strengths have the peak points, which are 31.00 and 4.20 MPa, respectively. This is mutually corroborated with the conclusion of the significant interactions of 7-day compressive and flexural strength in the study. The 28-day compressive and flexural strengths decrease with the increase of PPW ratio, but the decrease is not obvious. With 10% of the PPW ratio, the compressive and flexural strengths are 44.29 and 5.12 MPa, respectively. In contrast to the 10% of PPW in replacing BFS, the compressive and flexural strengths decrease by 5% with 30% of the PPW ratio, which is 42.03 and 4.87 MPa, respectively. Therefore, in order to change more PPW into building materials, 30% of PPW replacement of BFS would be a better choice for translating PPW into materials.

3.5 Optimal Composition and Verification Experiments

3.5.1 Significant Parameters in the Experimental Models of Flexural Strengths

From the experimental models of 7-day compressive strengths, the equation has the optimal value in following conditions:


(1)    k = j = i ⋅ j = i ⋅ k = +1

(2)    l = l ⋅ m = k ⋅ l = −1

Therefore with k, j, i, m = +1 and l = −1, the η7c has the optimal value:

η7c(T+1,AE+1,Ms+1,LM−1,PS+1)=1.4294+0.07105+0.0501+0.0323+0.03+0.0279+0.0259+0.0226=1.689

The optimal composition of 7-day compressive strength is: T+1 = 20 min, AE+1 = 10%, Ms+1 = 0.9, LM−1 = 5%, and PS+1 = 15%. Therefore, the optimal value is 
y7c=10η=101.689=48.87MPa
. Compared with the completed experimental series, this composition exists in the series, and it has the optimal value among all compositions. The optimal value of actual experimental is 47.41 MPa, the prediction error is 3.08%, and the coefficient of variation is 0.0282.

From the experimental models of 28-day compressive strengths, the equation has the optimal value in following conditions:

(1)    k = i ⋅ m = +1

(2)    i = i ⋅ j = j ⋅ l = k ⋅ m = j ⋅ m = −1

Therefore with k, j = +1 and i, l, m = −1, the η28c has the optimal value:

η28c(T−1,AE+1,Ms+1,LM−1,PS−1)=1.6238+0.0574+0.0491+0.0290+0.0235+0.0141+0.0139+0.0088=1.8196

The optimal composition of 28-day compressive strength is: T−1 = 10 min, AE+1 = 10%, Ms+1 = 0.9, LM−1 = 5%, and PS−1 = 5%. Therefore, the optimal value is 
y28c=10η=101.8196=66.01MPa
. Compared with the completed experimental series, this composition exists in the series, and it has the optimal value among all compositions. The optimal value of actual experimental is 65.64 MPa, the prediction error is 0.56%, and the coefficient of variation is 0.0493.

3.5.2 Optimal Composition and Verification Experiments of Flexural Strengths

From the experimental models of 7-day flexural strengths, the equation has the optimal value in the following conditions:

(1)    k = j = k ⋅ m = +1

(2)    i = j ⋅ l = k ⋅ l = −1

Therefore with k, j, m = +1 and i, l = −1, the η7f has the optimal value:

η7f(T−1,AE+1,Ms+1,LM−1,PS+1)= 0.6057+0.0420+0.0283+0.0266+0.0265+0.0183+0.0112=0.7586

The optimal composition of 7-day flexural strength is: T−1 = 10 min, AE+1 = 10%, Ms+1 = 0.9, LM−1 = 5%, and PS+1 = 15%. It is not included in the experimental series, and the predicted optimal value is 
y7f=10η=100.7586=5.74MPa
. After the verification experiment, the optimal value of actual experimental is 5.43 MPa, the prediction error is 5.40%, and the coefficient of variation is 0.0790.

From the experimental models of 28-day flexural strengths, the equation has the optimal value in following conditions:

(1)    i = j = i ⋅ j = k ⋅ m = j ⋅ k = −1

Therefore with k = +1 and i, j, m = −1, the η28f has the optimal value:

η28f(T−1,AE−1,Ms+1,LM,PS−1)=0.6884+0.0485+0.026−0.0204+0.01865+0.0137=0.77485

The optimal composition of 28-day flexural strength is: T−1 = 10 min, AE−1 = 5%, Ms+1 = 0.9, PS−1 = 5%. Therefore, the optimal value is 
y28f=10η=100.77485=5.95MPa
. Compared with the completed experimental series, while the LM+1 = 15%, the value of flexural strengths is 5.96 MPa, the prediction error is 0.17%, and the coefficient of variation is 0.0627. With the LM−1 = 5%, The optimal value of verification experiment is 5.40 MPa, the prediction error is 9.24%, and the coefficient of variation is 0.0652. With the high LM ratio (15%), 28-day flexural strength has the optimal value.

3.5.3 Comparison of Parameters Effect

In previous literatures [29,31,33,34,37], the factors effect always investigates parameters without interactions. However, considering the complex composition of PPW, the interactions of parameters should be examined if they really affect the chosen optimal compositions or not. Among the compressive and flexural strengths, the optimal compositions selected by parameters effect without interactions are:

7-day compressive strength: T−1, AE+1, Ms+1, LM−1, PS−1;

28-day compressive strength: T−1, AE+1, Ms+1, LM−1, PS−1;

7-day flexural strength: T−1, AE+1, Ms+1, LM−1, PS+1;

28-day flexural strength: T−1, AE−1, Ms−1, LM−1, PS−1;

Because of the effect of parameters without interactions, there is only a 50% chance to have the real optimal compositions (28-day compressive strength and 7-day flexural strength) and other optimal compositions are proved to be wrong. Among them, the optimal composition of 7-day compressive strength obtained by the effect of parameters without interactions is 33.68 MPa, which is significantly smaller than the actual optimal ratio 47.41 MPa. The optimal composition of 28-day flexural strength obtained by the effect of parameters without interactions is 5.18 MPa, which is significantly smaller than the actual optimal ratio 5.96 MPa. Therefore, from the perspective of chosen optimal compositions, it is necessary to consider the significant interaction of parameters while the waste, which has inseparable impurities is used as the substitution for BFS.

4  Conclusions

This paper has investigated the second-order interactions of parameters in an alkali-activated mixture of PPW and BFS. Based on the test results, the following conclusions can be drawn:

(1)   In selecting the optimal composition, interactions of parameters should firstly be investigated because interactions of parameters will affect the optimal composition selection. If not considering the effects of parameters interactions, it may lead to the wrong selection of the optimal composition. Compared with the interactions between the PPW themselves, the interactions between PPW and alkali-activated parameters are the main significant factors to the physical properties.

(2)   The experimental models of compressive and flexural strengths, which alkali-activated the PPW as a substitution for BFS, have been given in this investigation. The maximum of 7-day and 28-day compressive strengths are 47.41 and 65.64 MPa, respectively; the prediction errors of 7-day and 28-day compressive strengths are 3.08% and 0.56%, respectively; the maximum of 7-day and 28-day flexural strengths are 47.41 and 65.64 MPa, respectively; the prediction errors of 7-day and 28-day flexural strengths are 3.08% and 0.56%, respectively.

(3)   Although the compressive and flexural strengths will decrease with the increase of the PPW ratio, this decrease is limited. When the PPW increased from 10% to 30%, the reduction of strength is 5%. Therefore, considering the coefficient of utilization in translating PPW into building materials, 30% of PPW should be a suitable ratio in replacing BFS as the raw material of AAS under the consideration of circular materials.
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Table 1: Chemical composition of materials

Parameters Composition (%)
BFS Lime Mud Paper sludge

Si0, 33.46 - 1.42
AlLO3 13.70 - -

CaO 42.69 78.00 19.9
SO; 1.48 18.40 241
Fe,03 0.42 1.75 0.72
K0 0.35 - 0.08
MnO 0.39 0.08 0.01
Cl - - 0.13
TiO, 0.46 0.01 0.01

LO1 0.42 1.44 75.3
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Table 3: Levels in the Taguchi experiment design

Parameters Level 1 Level 2
Time (T/min) 10 20
Alkali equivalent (AE%) 5% 10%
Silicate modulus (Ms) 0.5 0.9
Lime mud (LM) 5% 15%
Paper sludge (PS) 5% 15%
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Table 8: The regression analysis parameters of experimental model

Experimental model N7¢ N3, Ny Hagr
Standard deviation 0.043 0.025 0.044 0.045
F-value 83.72 161.31 36.97 38.04
P-value <0.001 <0.001 <0.001 <0.001
R-value 0.932 0.963 0.845 0.824
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Table 6: The coefficient, significance, and contribution of factors in the compressive strength experimental
models

Factors 7-day 28-day
E = P-value  Contribution (%) E '™ P-value  Contribution (%)

T -0.0066  0.008 0.33 -0.0141 0.000 2.44
AE 0.0501 0.000 19.04 0.0056 0.010 0.38
TxAE -0.0323  0.000 7.94 0.0491 0.000 29.62
Ms 0.0710 0.000 38.28 0.0574 0.000 40.32
T x Ms -0.0300  0.000 6.83 0.00205 0.340 0.05
AExMs  —0.0067  0.007 0.34 —-0.00435  0.044 0.23
LMxPS  0.0259 0.000 5.09 0.00525 0.016 0.34
LM -0.0279  0.000 5.90 -0.00245  0.252 0.07
TxLM 0.0183 0.000 2.54 0.00825 0.000 0.83
AEXLM  0.0015 0.547 0.02 0.0290 0.000 10.28
Ms x PS 0.0210 0.000 3.34 0.0235 0.000 6.80
MsxLM  0.0226 0.000 3.87 -0.00745  0.001 0.68
AE x PS -0.0103  0.000 0.80 0.0139 0.000 237
T xPS 0.0077 0.002 0.44 -0.0088 0.000 0.95
PS -0.0149  0.000 1.68 -0.00365  0.092 0.16

Error — — 3.55 — - 447
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Table 4: Mix composition of mortar

Experiment Activator BFS Lime Paper Sand Water/ Mixing
series ) ) (kg/m®) mud sludge (kg/m®) Binder time
:i%) Ms ii‘ii’: ::jiz:de kg/m®)  (kg/md) (Wt/wt)  (min)
powder powder
(kgm*)  (kg/m’)

™1 5 0.5 237 133 405 225 225 1237.5 0.55 10
™2 5 0.5 237 133 315 67.5 67.5 10
™3 5 0.9 42.6 0.8 360 22.5 67.5 10
T™4 5 0.9 42.6 0.8 360 67.5 225 10
T™5 10 0.5 47.3 26.7 360 67.5 225 10
T™M6 10 0.5 47.3 26.7 360 67.5 225 10
™7 10 0.9 85.3 1.6 405 225 225 10
T™S 10 0.9 853 1.6 315 67.5 67.5 10
™9 5 0.5 23.7 133 360 225 67.5 20
T™M10 5 0.5 23.7 13.3 360 67.5 225 20
™11 5 0.9 42.6 0.8 405 225 225 20
™12 5 0.9 42.6 0.8 315 67.5 67.5 20
TM13 10 0.5 473 26.7 405 225 225 20
T™14 10 0.5 473 26.7 315 67.5 67.5 20
™15 10 0.9 853 1.6 360 225 67.5 20
™16 10 0.9 853 1.6 360 67.5 225 20
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Table 7: The coefficient, significance, and contribution of factors in the flexural strength experimental models

Factors 7-day 28-day
opman P-value  Contribution (%) E '~'! P-value  Contribution (%)

T —0.02835  0.000 12.94 -0.026 0.000 11.54
AE 0.0266 0.000 11.39 —-0.0485  0.000 40.15
Tx AE 0.00765 0.063 0.94 0.0204 0.000 7.10
Ms 0.04195 0.000 28.34 —-0.0041 0.341 0.29
T xMs 0.00305 0.456 0.15 0.0063 0.143 0.68
AE x Ms 0.0102 0.014 1.68 0.0137 0.002 3.20
LM x PS —0.00845  0.041 1.15 -0.0054  0.211 0.50
LM —0.00765  0.063 0.94 —0.0031 0.475 0.16
TxLM 0.0057 0.164 0.52 -0.0036  0.405 0.22
AExLM  0.0183 0.000 5.39 0.0082 0.059 1.15
Ms x PS —0.0265 0.000 11.31 0.01865  0.000 5.94
MsxLM  0.0112 0.007 2.02 -0.0074  0.089 0.93
AE x PS 0.0029 0.480 0.14 0.00745  0.085 0.95
TxPS 0.008 0.053 1.03 0.0076 0.078 0.99
PS 0.0076 0.065 0.93 —0.0088  0.043 1.32

Error — — 21.13 — — 24.89
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Table 2: Distribution of parameters and interactions in Taguchi method design
Heading 12 3 4

5 6 7 8 9 10 11 12
Parameters/ T AE Tx Ms Tx AEx LMx LM Tx AEx Msx Msx AEx Tx PS

interactions AE Ms Ms PS LM LM PS LM PS PS
Note: T: Time; AE: Alkali equivalent; Ms: Silicate modulus; LM: Lime mud; PS: Primary sludge.

13 14 15
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Table 5: The compressive and flexural strength of experiment groups

Experiment Compressive strength Flexural strength

series 7-day 28-day 7-day 28-day

Value Standard  Value Standard  Value Standard  Value Standard
(MPa)  deviation (MPa) deviation (MPa) deviation (MPa) deviation

™1 21.93 1.65 29.66 2.86 3.42 0.12 5.18 0.45
™2 23.78 1.19 37.61 0.99 3.74 0.16 5.65 0.34
™3 29.57 1.13 38.01 2.30 4.87 0.38 5.40 0.27
T™A4 30.69 1.81 51.05 2.24 4.05 0.17 5.96 0.37
T™M5 27.85 1.34 45.92 1.17 4.18 0.36 5.32 0.40
T™6 26.29 1.21 40.40 0.97 4.27 0.22 4.60 0.52
™7 33.68 0.95 65.64 3.24 5.08 0.50 522 0.63
T™MS8 26.58 1.52 48.52 2.14 5.25 0.40 4.44 0.46
T™9 19.16 0.63 43.60 1.69 2.90 0.30 5.39 0.32
™10 18.28 0.86 37.66 1.08 3.49 0.31 5.19 0.33
™11 33.93 1.93 47.68 2.76 3.93 0.34 5.65 0.42
™12 19.43 1.40 52.52 1.78 4.36 0.28 5.38 0.60
TM13 24.50 1.86 34.19 1.33 4.24 0.35 4.42 0.49
™14 22.68 0.73 29.45 0.98 3.36 021 4.01 0.24
™15 47.41 1.34 42.82 240 4.86 0.71 3.35 0.40
T™16 40.10 3.19 42.82 223 3.60 0.64 4.08 0.65
y 27.87 - 42.97 - 4.10 - 4.95 -

7] 14294 - 1.6238 - 0.6057 - 0.6884 —
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