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Abstract: Recycling of paper sludge waste is crucial for establishing a sustainable green industry. This waste contains valuable sugars that can be converted into important chemicals such as ethanol, poly hydroxybutyrate, and lactic acid. However, the main challenge in obtaining sugars in high yield from paper sludge is the high crystallinity of cellulose, which hinders hydrolysis. To address this, pretreatment using phosphoric acid was optimized using response surface methodology to facilitate cellulose hydrolysis with minimal energy and chemicals. The created prediction model using the response surface method considered factors such as acid concentration (ranging from 60% to 85%), consistency (ranging from 4% to 10%), temperature (ranging from 25°C to 80°C), and time (ranging from 0.5 to 4 h). The results revealed that the model’s significant factors affecting the yield were acid concentration, reaction time, temperature, and the product of acid concentration and temperature, while the model’s significant factors affecting the crystallinity were the consistency, the temperature, and their product. The results showed that the optimum conditions for pretreatment were using an acid concentration of 64%, temperature of 25°C, consistency of 10%, and time of 30 min. The hydrolysis of the conditionally pretreated paper sludge resulted in a weight loss of 42%, compared to only 18% weight loss in non-pretreated paper sludge. Furthermore, the optimized conditions led to low levels of furfurals and acetic acid, which are undesirable by-products that can interfere with sugar fermentation. The total sugar obtained under the optimized conditions was 0.43 g glucose/g sample (10.46 g/L), while the contents of methyl furfural, furfural, and acetic acid were 21.65, 235.7, and 4.57 mg/L, respectively. This study demonstrates the potential of phosphoric acid for pretreatment and hydrolysis of paper sludge, enabling efficient saccharification and the production of sugars with minimal undesired by-products.
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1  Introduction

Zero-waste industries are based on recycling any by-products into useful products, either in the same or in another process. In a recent statistical study, about 400 million tons of paper products have been consumed worldwide [1]. After papermaking, especially from recycled paper, huge amounts of waste known as paper sludge are produced in all paper mills around the world. There are different kinds of paper sludge wastes produced from papermaking [2]. Production of one ton of paper generates about 50 kg of paper sludge waste [3]. Paper sludge is an organic solid waste derived from wastewater treatment in the pulp and paper industry. The main components of paper sludge are mineral matter and organic materials, which are mainly short cellulose fibers [4,5]. The mineral matter of the sludge (up to 35% based on dry weight) is usually fillers used in the paper industry such as calcium carbonate, talc, kaolin, as well as alum (the double salt of aluminum sulfate) used in sizing of paper [6]. To utilize the huge amounts of paper sludge and reduce its negative impact on the environment, different routes are available for its recycling such as soil amendment, incineration, anaerobic digestion, filler in construction materials, and the production of carbon materials and bio-based chemicals [7–11]. The rationale for using paper sludge in producing bio-based chemicals is that it is rich in polysaccharides that exist in pulp fibers, namely, cellulose and hemicelluloses [12–15]. A key step toward that is the hydrolysis of cellulose and hemicelluloses into simple sugars at the maximum possible yield and minimum side-products that may affect the processing of sugars into the final bio-based chemicals [16]. The overall cost of the process is important to commercialize the final product.

The breakdown of cellulose and hemicelluloses in paper sludge using mineral acids, particularly sulfuric acid, remains the most economical, rapid, and high-yielding method. Some drawbacks, such as the corrosive nature of acids, acid recovery, and separation of sugars from acids, have been addressed by using organic, metal, and ceramics-coated anti-corrosive vessels [17], and developing efficient methods for acid recovery and acid/sugars separation [18]. This has renewed interest in using mineral acid hydrolysis, especially with concentrated acids to achieve a high sugar yield at moderate temperatures and reaction time [19]. While almost complete hydrolysis of hemicelluloses into sugars could be easily achieved due to their highly amorphous nature [19], complete hydrolysis of cellulose is difficult to attain due to its semi-crystalline nature resulting from the formation of three-dimensional hydrogen-bonded networks [20]. Increasing temperature, acid concentration, and reaction time can enhance the hydrolysis of cellulose and hemicelluloses, but this also leads to the formation of undesirable by-products of the reaction, mainly furfural and hydroxymethyl furfural which negatively affect the subsequent fermentation processes to the sugars into biofuels and bio-based chemicals [21]. Therefore, optimizing hydrolysis conditions and using adequate pretreatment are crucial for producing sugars for subsequent fermentation into bio-based chemicals such as bio-fuel and organic acids (such as succinic acid, hydroxybutyric acid, levulinic acid, and lactic acid).

Phosphoric acid has been studied to a lesser extent than sulfuric acid for the direct hydrolysis of lignocellulosic materials into simple sugars with high yields as performed by Idrees et al. [22] who studied the hydrolysis of water hyacinth, Gámez et al. [23] and Aguilar et al. [24] who studied the hydrolysis of sugar cane bagasse, and Israilides et al. [25] who studied the hydrolysis of rice straw. Using phosphoric acid for hydrolysis of lignocellulosic materials has the advantage of possibility to neutralize the residual acid in the hydrolyzate with sodium hydroxide into sodium phosphate, which can be used as a nutrient by microorganisms during the subsequent monosaccharide fermentation step, i.e., no acid recovery is needed [23]. The lower corrosive property of phosphoric acid than that of other mineral acids is another advantage in addition to its easier recovery.

Phosphoric acid was also used for pretreatment of different lignocellulosic materials to facilitate their subsequent hydrolysis into sugars. The pretreatment aimed to remove lignin and hemicelluloses from the lignocellulosic materials to make cellulose more accessible to acid hydrolysis. These studies include the use of phosphoric acid alone [26–30] or in combination with other chemicals and technologies such as microwave-assisted phosphoric acid hydrolysis [31], phosphoric acid/steam explosion [32], N-methylmorpholine N-oxide/phosphoric acid [33], ferric chloride/phosphoric acid [34], sulfomethylation-aided phosphoric acid [35], phosphoric acid/hydrogen peroxide [36–39], phosphoric acid/sodium hydroxide [40], ethanol/phosphoric acid [41], acetone/phosphoric acid [42], and milling/disc refining/phosphoric acid pretreatments [43].

Despite the previous studies pointing out the utilization of phosphoric acid as a pretreatment for subsequent saccharification or direct saccharification of various lignocellulosic materials, its use for hydrolysis or pretreatment of paper sludge is quite rare. To the extent of our knowledge, the only published work was that of Yamashita et al. [44] and Pečar et al. [45]. Yamashita et al. [44] studied enzymatic saccharification of paper sludge after pretreatment with phosphoric acid and ball milling. In that study, phosphoric acid pretreatment was carried out using 85% phosphoric acid at mass to liquor ratio 1:20, at 4°C, for 1 h. No characterization for the paper sludge was carried out. On the other hand, Pečar et al. [45] studied the pretreatment of paper sludge before enzymatic saccharification using ~80% phosphoric acid at a liquor ratio of 1:3.5 at 50°C for 2 h.

The current study focused on optimizing the pretreatment of paper sludge waste using phosphoric acid, considering factors like concentration, reaction time, temperature, and consistency (sludge-to-acid ratio). The goal was to minimize cellulose crystallinity, maximize sugar yield during subsequent acid hydrolysis using phosphoric acid, and minimize the side products (such as furfural and acetic acid). Response surface methodology was employed to perform simultaneous parameters study via designing the experiments to decrease the number of experiments and to create a prediction model to perform the optimization [46,47]. The derived models were analyzed using ANOVA analysis to verify the models’ terms and the models’ accuracy. After pretreatment, paper sludge held the potential as a valuable resource for sustainable and circular economy industries [48,49].

2  Materials and Methods

2.1 Materials Used

Interstate Paper Industries, Sadat City, Egypt kindly supplied paper sludge; the moisture content of the sludge was 70%. The paper sludge was generated from the recycling process of white writing and printing paper used in tissue paper manufacture. The paper sludge was dried in an oven with air circulation at 40°C for 12 h; the moisture content after drying was 9.41% based on the weight before drying. Before being used in the experiments, the dry paper sludge was treated with dilute hydrochloric (0.01 N) at 25°C and liquor ratio 1:10 for 1 h with stirring to remove the acid-soluble ash [50]. Phosphoric acid (85%), sulfuric acid (98%), phenol (crystals), absolute ethanol (95%), sodium hydroxide (analytical grade), glacial acetic acid, and toluene were purchased from Fisher Scientific and used as received.

2.2 Characterization of Paper Sludge

For chemical analyses, ash content was determined using a muffle furnace at 900°C for 45 min (TAPPI T 413) and 525°C (TAPPI T 211). Acid non-hydrolyzable material in the sludge was determined by hydrolysis of the sample using 72% sulfuric acid according to TAPPI standard method (TAPPI T 222); after hydrolysis, the residues were filtered on ashless filter paper, washed thoroughly with distilled water till neutral pH, dried and weighed. α-cellulose content was determined using the TAPPI standard method (TAPPI T 429), and hemicelluloses were estimated from the difference in weight due to the treatment of the paper sludge by 17.5% NaOH.

2.3 Phosphoric Acid Pretreatment

Dried paper sludge (10 g) was mixed with phosphoric acid at the measuring values of consistency, acid concentrations, time, and temperature illustrated in Table 1. These values are defined based on the experimental design. At the end of pretreatment, 50 mL of distilled water was added to the mixture (paper sludge and phosphoric acid solution) and stirred for 30 min. Then, residual paper sludge was removed from the hydrolyzate by centrifugation at 6000 rpm for 20 min, washed several times using vacuum filtration until neutral pH, and dried in an oven with circulating air at 45°C for 18 h. The experiments were carried out in duplicates and the results averaged.
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The residual weight of the sludge (Yield, Y) after the acid pretreatment was determined gravimetrically from the weight of the paper sludge before and after treatment as in Eq. (1).


Y= X1−X2X1 ×100
(1)

where X1 is the weight of the sludge before acid treatment and X2 is the weight of the sludge after acid treatment.

2.4 Experimental Design Used for Pretreatment of Sludge

For the pretreatment of paper sludge, the selected factors affecting the pretreatment process using phosphoric acid were the consistency (A) which represents the weight % of the dried sludge to the amount of acid used, the acid concentration in weight % (B), the time used for the process (C), and the temperature used for the pretreatment (D). The design of the experimental schedule was prepared by Response Surface Methodology using Design Expert software version 6.0.8 in the trial version. These four numeric factors are arranged in 26 experiments.

The selected ranges of the four parameters were 4% to 10% for factor A, 60% to 85% for factor B, 0.5 h to 4 h for factor C, and 25°C to 80°C for factor D. The range of each parameter is based on previous research that addressed the pretreatment of cellulosic material before hydrolysis [26–30]. However, the prior research studied one or more parameters individually, whereas their simultaneous effect on the process yield was not recorded before. Therefore, simultaneous optimization of these parameters within the model’s navigation area is essential to obtain the optimum conditions for the pretreatment process. In the experimental design schedule, illustrated in Table 1, each numeric factor is varied over five levels which are ± the axial points, ± the factorial point itself, and the center point. The axial points were designed to be face-centered to widen the model’s navigation area. The center composite technique enhances the model fitting in case of curvature. The theoretical equation of the model is illustrated in Eq. (2). Meanwhile, the application of the Design Expert program software derives the model prediction, fitting, and verifying using the simultaneous ANOVA analysis of the significant parameters and the results.


Y=a0+∑i=14⁡ai Xi+ ∑i=14⁡aii Xi2+∑1 (i≠n)4⁡ain Xin
(2)

where Y is the response; a0 is the intercept regression constant; ai, aii,…, ain are regression coefficients, and Xi, and Xin are the independent variables investigated.

2.5 Saccharification of Pretreated Paper Sludge

The pretreatment process, which was carried out using 64% phosphoric acid and 10% consistency at 25°C for 30 min, was directly followed by hydrolysis at 80°C for 4 h. After the hydrolysis, 50 mL of distilled water was added to the mixture and stirred for 30 min. Then, residual paper sludge was removed from the hydrolyzate by centrifugation at 6000 rpm for 20 min, washed several times using vacuum filtration until neutral pH, and dried in an oven with circulating air at 45°C for 18 h. The yield of the paper sludge was determined as mentioned above in Section 2.3. The hydrolyzate was collected and used for determination of sugars, furfurals, and acetic acid as mentioned in Section 2.6.

2.6 Analytical Methods

2.6.1 Crystallinity of Paper Sludge

Crystallinity (X) of the paper sludge before and after pretreatment with phosphoric acid was calculated from XRD diffraction patterns recorded using a D8 advance Empyrean X-ray diffractometer (Panalytical, Malvern, UK) equipped with Cu Kα radiation (λ = 1.5406 Å) at 40 kV and 40 mA. The diffractograms were recorded from 2θ angle of 10° to 80° with scanning steps of 0.02° and an exposure of 4 s per step. The measurements were carried out at ambient conditions (25°C). The crystallinity was calculated according to Eq. (3) [51].


Cr (%)=I200−IamI200 ×100
(3)

where I200 is the intensity of the diffraction peak at 2θ ~ 22.7° (the position of 002 peaks) and Iam is the intensity at about 2θ = 18°.

2.6.2 Determination of Sugars

Total hydrolyzed sugars in the hydrolyzate were determined using the standard phenol/sulfuric acid hydrolysis method either after the pretreatment or saccharification [52]. In addition, high-performance HPLC analysis was carried out on the hydrolyzed sugars using Agilent Technologies 1100 series liquid chromatography (Agilent Technologies, Ratingen, Germany) equipped with an autosampler and a refractive index detector. The analytical column was a Shim-pack SCR-101N with 7.9 mm × 300 mm internal diameter by length and the column temperature was 40°C. The mobile phase consisted of ultrapure water. The flow rate was kept at 0.7 mL/min for a total run time of 20 min with isocratic elution.

2.6.3 Determination of Acetic Acid and Furfurals

Acetic acid, furfural, and methyl furfural were determined using an Agilent 1260 Infinity HPLC instrument (Agilent Technologies, Ratingen, Germany) equipped with a DAD detector at wavelength 230 nm. The analytical column was an Agilent Hi-Plex H, 7.7 mm × 300 mm, 8 μm (p/n PL1170-6830). The mobile phase was 100%, 0.01 M H2SO4, the flow rate of 0.6 mL/min, and the column temperature of 50°C. The total run time was 25 min.

3  Results and Discussion

3.1 Characterization of Paper Sludge

Paper sludge received in a wet form (70% moisture content) was dried first. The sludge had high ash content due to the presence of fillers such as calcium carbonate (ash content at 900°C was 33.45% based on the oven-dry weight of the paper sludge). The dried paper sludge was washed with a dilute hydrochloric acid solution before pretreatment with phosphoric acid. As a result of washing with the hydrochloric acid, calcium carbonate was removed from the sludge and the ash content at 525°C and 900°C was 11.87% and 10.60%, respectively. The ash content values at these temperatures indicate almost complete removal of calcium carbonate by the acid washing. The residual ash could be attributed to other acid-resistant fillers such as kaolin. The dilute acid washing process followed by washing with water till neutrality not only removes the calcium carbonate which can react with phosphoric acid in the next step, but also removes other residual chemicals used during the recycling and bleaching of pulp. The bleaching process was carried out in the paper mill using two-stage hydrogen peroxide/sodium dithionite bleaching. The composition of the sludge after the hydrochloric acid washing was 21.9% acid non-hydrolysable carbon-based materials, 42.1% α-cellulose content, and 24.13% hemicelluloses, in addition to the ash. The total sugars in the sludge sample were 0.893 g per gram of the sample (0.635 g/g glucose, 0.192 g/g xylose, 0.042 g/g arabinose, and 0.0025 g/g galactose) as determined by the HPLC.

3.2 Pretreatment of Paper Sludge with Phosphoric Acid

Two prediction models were created using the Design Expert program software version 6.0.8. The first model was derived to optimize the yield and the second model was derived to optimize the crystallinity. These prediction models were derived according to the experimental design scheduled in Table 1. The simultaneous effect of the parameters A, B, C, and D on the pretreatment process are represented as the yield of paper sludge after pretreatment (Y) and the crystallinity of paper sludge after pretreatment (X) responses. These results are summarized in Table 1 and analyzed using ANOVA.

3.2.1 Prediction Model for Yield Optimization

The model of the yield response is the Reduced Two-Factor Interaction model (2FI) expressed in Eq. (4), which shows a simultaneous effect of parameters B and D on the sludge yield represented by the product term in Eq. (4) (B × D). This simultaneous effect is plotted as shown in Fig. 1. The ANOVA analysis for the model is applied for probability function p = 0.05, and the F-value test is calculated as illustrated in Table 2. The results of these tests revealed that the significant parameters are B, C, and D. Meanwhile, the parameter A is excluded from the model equation as it is non-significant for p > 0.05. In Table 2, the regression coefficient R2 of the model curve is 0.86 which is in reasonable agreement with the adjusted R2 which equals 0.83, and the predicted R2 which equals 0.8. The adequate precision is greater than 4 which denotes a tolerable signal-to-noise ratio to fit the model, also the coefficient of variance is greater than one which stipulates the normal probability of the model. The ANOVA results elucidate the fitting of the model to navigate the design space.
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Figure 1: 3-D model of the simultaneous effect of acid concentration and temperature on yield percentage
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Y=92.2439+0.1965×B−2.4779×C+1.0208×D−0.0186×B×D
(4)

where Y represents the yield of the paper sludge after pretreatment, B represents the acid concentration percentage, C represents the pretreatment time, and D represents the temperature.

Regarding Fig. 1, parameter C is inversely correlated with the yield as elucidated in runs 1 & 5, runs 2 & 6, runs 3 & 7, runs 4 & 8, and runs 9 & 13, as well as parameter B in runs 1 & 3. At the maximum value of parameter D, the yield is inversely proportional to the value of D as observed in runs 13 & 15 and 14 & 16. However, increasing the value of parameter B does not affect the yield percentage at the axial points of runs 19 & 20. At the axial points of runs 21 & 22, the yield percentage decreased by 4.5% when parameter C was increased to 4 h, while the yield percentage decreased by 15% when the value of parameter D was increased to 80°C as shown in runs 23 & 24.

The 3-D graph of the model (Fig. 1) represents the simultaneous effect of parameters B and D at the maximum value of parameter A and the minimum value of parameter C. The conditions of maximum consistency and minimum time were chosen as industrial requirements to maximize the paper sludge consumption during the minimum time.

3.2.2 Prediction Model for Crystallinity Optimization

The main aim of the pretreatment stage with phosphoric acid was to decrease the crystallinity of cellulose fibers in paper sludge in order to facilitate their subsequent hydrolysis to produce the maximum possible yield of sugars. The crystallinity percentage of the control sample without pretreatment was 83.7%. Experimentally, all samples treated with 85% phosphoric acid at all temperatures, mass-to-liquor ratios, and times (runs 3, 4, 7, 8, 11, 12, 15, 16) suffered from charring and their X-ray diffraction pattern didn’t show crystallinity pattern of cellulose, i.e., diffraction pattern with peaks due to diffraction from (110), (200), and (004) planes [53] (Fig. A1). Therefore, crystallinity (X) could not be measured for these samples. The rest of the experimental runs were modeled regarding their crystallinity and verified using the Response Surface Reduced 2FI model. The analysis of variance ANOVA is elucidated in Table 3, while the model equation is displayed in Eq. (5).

[image: images]


X=108.9282−3.3199×A−0.2879×D+0.0464×A×D
(5)

where X represents the percentage of crystallinity, A represents the consistency, and D represents the temperature.

ANOVA analyses are applied with a significance level of p =0.05. Non-significant parameters are eliminated from the model’s equation and analysis of variance in Table 3, as removing non-significant parameters improves the model’s fitting. The model and the model’s terms illustrated in Table 2 are significant according to the F-value test where the probability <0.05 while the lack of fit is non-significant as its probability function >0.05. The regression coefficient R2 of the model curve is 0.83, and the predicted R2 which equals 0.74 is in reasonable agreement with the adjusted R2 which equals 0.79. The adequate precision is greater than 4 which denotes a tolerable signal-to-noise ratio to fit the model, also the coefficient of variance is greater than one which stipulates the normal probability of the model. The ANOVA results elucidate the fitting of the model to navigate the design space.

Parameter C has no significant effect on the crystallinity of cellulose as appeared in runs 1 & 5 and 2 & 6. On the other hand, factors A and D affect the cellulose crystallinity, showing an inverse relationship until the center point of temperature (52.5°C) as shown in runs 1 & 6, runs 4 & 10, and runs 17 & 18. However, at 80°C factor A has no effect on the crystallinity in runs 9 & 10. The 3-D graph of the model (Fig. 2) represents the simultaneous effect of parameters A and D. The deterioration of cellulosic fibers occurs due to the harsh conditions of low consistency using 85% acid concentration at high temperatures. This deterioration can be observed in the contour of the 3-D graph, where non-continuous contour lines appear at low values of parameter A and high values of parameter D. Therefore, it is recommended to use an acid concentration not exceeding 64% at 25°C for pretreatment of paper sludge with 10% consistency to achieve minimal crystallinity without causing charring of the fibers.
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Figure 2: The 3-D model of the simultaneous effect of consistency percentage and temperature on crystallinity percentage

Regarding the effect of phosphoric acid on paper sludge, phosphoric acid can degrade and dissolve the hemicelluloses part of the fibers in the sludge due to their amorphous and short chains nature by cleaving the glycosidic bonds between the constituent sugars’ units [30]. The same is also possible, but to a lower extent, in the case of cellulose fibers due to their semi-crystalline nature [27,30]. In addition to the degradation of cellulose chains by acid hydrolysis, phosphoric acid is known to cause swelling of the crystalline parts of cellulose under a specific range of conditions of acid concentration, time, and temperature [54]. This swelling can ultimately lead to the dissolution of cellulose due to protonation and phosphorylation by phosphoric acid. Therefore, the net effect of the different pretreatment conditions on the crystallinity of the paper sludge is complex since swelling causes a decrease in crystallinity while hydrolysis of hemicelluloses and amorphous cellulose causes an increase in crystallinity. Phosphoric acid pretreatment at lower temperatures enhances swelling of cellulose, i.e., decrease crystallinity [54–57] while higher temperatures and longer pretreatment times result in more hydrolysis of the amorphous hemicelluloses and cellulose in the amorphous region, i.e., increase the overall crystallinity.

It should be noted that the crystallinity of pretreated paper sludge was determined on dry samples, where rearrangement of cellulose chains could occur to some extent upon drying after their swelling by the action of phosphoric acid in the wet state. This means that when samples are wetted with phosphoric acid, the measured crystallinity could be lower than the determined crystallinity after drying.

In continuation of the ANOVA analysis, the normal probability of studentized residuals plot for the two models for optimization is performed to verify them. The scatter plot shown in Fig. 3 represents the predicted percentiles of the probability vs. the actual residuals which are formatted into studentized residuals to consider the standard deviation. The observed plot of each model is normally distributed around the line, which indicates that each model is fitted normally.
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Figure 3: (A) Normal plot of studentized residuals of the error terms of yield model, (B) normal plot of studentized residuals of the error terms of crystallinity model

The optimization results for the four parameters (acid concentration of acid, the pretreatment temperature and time, and consistency) to maximize the paper sludge yield and minimize the crystallinity revealed that the optimum conditions are consistency of 10%, temperature 25°C, and acid concentration not more than 64% for half an hour. The predicted optimum conditions are statistically examined at a confidence interval (CI) of 95% and a predicted interval (PI) of 95% and are experimentally verified as elucidated in Table 4. The predicted vs. the experimental results for yield and crystallinity are shown in Fig. 4.
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Figure 4: (A) The predicted results vs. the actual results for the yield model, (B) the predicted results vs. the actual results for the crystallinity model

3.3 Saccharification of Phosphoric Acid-Pretreated Paper Sludge

Based on the experimental design results shown in Table 1, the weight loss of paper sludge after phosphoric acid treatment is illustrated in Fig. 5, which elucidates a significant simultaneous effect of acid concentration and temperature on weight loss (Fig. 5A). The maximum weight loss percentage is observed at 80°C using an acid concentration of 85%. The consistency percentage has no significant effect on weight loss as shown in Fig. 5B,C. The maximum weight loss was achieved at maximum acid concentration and highest temperature. Fig. 5D indicates a significant relationship between process temperature and the reaction time, with the maximum weight loss observed at the highest temperature and longest time.
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Figure 5: (A) The simultaneous effect of acid concentration percent and temperature at maximum consistency and maximum time, (B) the simultaneous effect of acid conc percent and consistency percent at maximum temperature and maximum time, (C) the simultaneous effect of consistency percent and temperature at maximum acid concentration percent and maximum time, (D) the simultaneous effect of process time and temperature at maximum consistency and maximum acid concentration

The maximum weight loss is achieved using an acid concentration of 85%, a temperature of 80°C, and a consistency of 10% for 4 h. However, using lower values of acid concentration decreases the formation of undesirable byproducts such as furfurals and acetic acid, while also saving the used chemicals. Therefore, the pretreatment process was directly followed by the saccharification process in the same reactor without changing the acid or washing, i.e., using the conditions of 64% acid concentration, 80°C, and consistency of 10% for 4 h.

The results of the hydrolysis experiment by the above-mentioned conditions (64% phosphoric acid, 10% consistency, at 80°C for 4 h) showed that the paper sludge yield was approximately 58%, i.e., weight loss of 42% of the sludge due to hydrolysis. This yield is significantly lower than that obtained without pretreatment under the same conditions, where the paper sludge yield was about 81%, resulting in a weight loss of 18%. This indicates that the pretreatment before the saccharification step significantly reduced the crystallinity of the paper sludge, making the hydrolysis of cellulose chains much easier. Such a positive effect of phosphoric pretreatment of paper sludge on hydrolysis of paper sludge into sugars was found before but in the case of using enzymatic saccharification [44,45].

In the case of using the highest acid concentration (85% phosphoric acid) under the same temperature, time duration, and consistency, where the minimum yield of paper sludge (43%) was obtained, the resulting supernatant containing sugars was very dark due to side products formed as a result of the high concentration of acid used.

Considering the ash content of the pretreated sample used in the hydrolysis step (~11.5%), and the presence of residual acid non-hydrolyzable carbon-based materials exist in the paper sludge sample (21.90%), which means that the maximum theoretical hydrolyzable cellulosic material in the sample is approximately 67% of its weight, assuming that all cellulosic material is accessible for hydrolysis into simple sugars. Based on that, phosphoric acid hydrolysis of paper sludge under the chosen conditions (64% acid concentration, 4 h, 10% consistency, and 80°C) could hydrolyze approximately 63% of the sample (42% weight loss out of the maximum theoretical weight loss of 67%). The lower total sugars content obtained than the theoretical value, i.e., all cellulose is hydrolyzed by the acid, which means that there are still crystalline regions of cellulose in the pulp that could not be accessed by phosphoric acid to hydrolyze.

The total sugars in the hydrolyzate determined by the phenol/sulfuric acid method and expressed as glucose were 0.43 g glucose/g sample (10.46 g/L). Comparing the pretreatment and saccharification of paper sludge in the current study to previous work that used phosphoric acid pretreatment but saccharification with enzymes [44], the yield of sugars after phosphoric acid pretreatment using 80% acid at 4°C for 1 h followed by enzyme saccharification for 12 h was 0.45 g/g of paper sludge, while in case of pretreatment of phosphoric acid 85% at 50°C for 2 h, followed by enzymatic pretreatment for 24 h the total sugars obtained was 0.365 g/g of paper sludge [45]. In both of the previous studies, dried paper sludge was ball milled before phosphoric acid pretreatment. The comparison shows the effectiveness of using phosphoric acid pretreatment and saccharification of paper sludge under the conditions used in the current work.

To determine the composition of sugars obtained by phosphoric acid hydrolysis in the current study, HPLC analysis was carried out on the crude hydrolyzate. Glucose, xylose, arabinose, and galactose sugars represent 72.07%, 23.95%, 2.48%, and 1.51% of the total sugars, respectively. The total sugars in the hydrolyzate determined by HPLC was 0.36 g/g of paper sludge sample (0.258 g/g glucose, 0.086 g/g xylose, 0.0089 g/g arabinose, and 0.0054 g/g galactose).

Regarding the formation of methyl furfural and furfural as byproducts, which have a negative effect on the subsequent use of sugars for fermentation, HPLC results showed the presence of 21.65 and 235.7 mg/L of methyl furfural and furfural, respectively. In addition, acetic acid concentration in the crude hydrolysate was 4.57 mg/L. These concentrations are considered low in terms of their inhibitory effect on the fermentation of sugars such as xylose and glucose. For example, a concentration of 1 g/L for both furfural and methyl furfural, and a concentration of 500 mg/L for the acetic acid could significantly inhibit the fermentation of xylose to xylitol [58]. In the case of the fermentation of glucose into ethanol, concentrations of furfural (1 g/L), and methyl furfural (1 g/L) negatively affected the fermentation process [59].

It is important to mention here regarding the high phosphoric acid concentration (64%) used in the pretreatment and saccharification that using of the high acids’ concentration is not unusual with cellulose and lignocellulosic materials. For example, ~85% phosphoric acid is used for dissolution and regeneration of cellulose [54–57]. In the area of lignocellulosic saccharification with mineral acids, both concentrated and dilute acid hydrolysis approaches have been investigated. Each approach has its own advantages and disadvantages. Using of high acid concentrations has the advantages of achieving near-theoretical yield of sugars in a shorter reaction time with fewer side degradation products (furfural-type components) than in case of using dilute acids since much lower temperature is used in the former case. In addition, concentrated mineral acids effectively de-crystallize the cellulose, making the hydrolysis reaction more homogeneous and thus less labile to sugars degradation before complete hydrolysis is obtained [60,61]. For example, ~72% sulfuric acid was used for de-crystallization and hydrolysis of wood residues [60]. A 2-stage process was used in that work where the milled wood was first treated with 72% sulfuric acid at 1:15 solid to acid ratio at low temperature (~27–40), then the mixture was diluted with water to 20% acid concentration and refluxed at 100°C for 3 h. In another study [61], 95% sulfuric acid and t-butyl alcohol mixture was used saccharification of wood (ratio of the 95% acid to wood was ~1:10).

4  Conclusions

Paper sludge waste could be successfully hydrolyzed in a good yield of sugars (0.43 g glucose/g of sludge) and low levels of inhibitory side products using consecutive one-pot 64% phosphoric acid pretreatment and hydrolysis. The factors that affect the pretreatment process simultaneously (temperature, time, acid concentration, and liquor ratio) were studied using response surface methodology and an optimization model. The goal was to maximize the sugar content and minimize the crystallinity. This model could predict the optimum conditions for the pretreatment process to decrease the crystallinity of cellulose of the paper sludge, and to get the maximum hydrolysis. The optimum conditions for minimizing the crystallinity of paper sludge were: acid concentration of 64%, consistency of 10%, pretreatment time 0.5 h, and temperature 25°C. Decreasing the crystallinity of cellulose in the sludge by phosphoric acid pretreatment was proved to be very efficient in increasing the hydrolysis of paper sludge at a lower cost since a lower concentration of the acid (64% at 10% consistency and 80°C for 4 h) could be used as compared to carrying out the hydrolysis without the pretreatment. Using lower acid concentrations will also reduce the cost of the acid recovery. The overall approach used in the current work, pretreatment of paper sludge with phosphoric acid at a low temperature followed by hydrolysis of the same mixture at a higher temperature, could have a potential contribution to attain a sustainable paper recycling industry, where the cost and energy reduction should be at the top of its priorities. Using of phosphoric acid for hydrolysis has an advantage over the use of other mineral acids, such as the industrially used sulfuric acid which is more corrosive than phosphoric acid. Using phosphoric acid instead of sulfuric acid for hydrolysis prevents formation of sulfur-containing compounds that may be inhibitory to the action of enzymes during fermentation of sugars. In addition, using the same concentrated phosphoric acid (64%) for both pretreatment and hydrolysis in consecutive steps is another advantage over the use of concentrated sulfuric acid where the process involves two separate steps to avoid formation of significant amounts of inhibitory side products. Moreover, the use of 64% phosphoric acid pretreatment and saccharification approach in the current work is superior to previous studies which used phosphoric acid and the costly enzymes to get comparable yield of sugars from paper sludge.

Last, but not least, the cost estimation of the energy needed for the recovery of phosphoric acid and the detailed process for that is an important challenge that should be considered in further studies.
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Appendix A
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Figure A1: XRD patterns of Sample # 2 pretreated paper sludge (pretreatment conditions: acid concentration 60%, treatment time 0.5 h, 10% consistency, temperature 25°C), and Sample # 4 pretreated paper sludge (pretreatment conditions: acid concentration 85%, treatment time 0.5 h, 10% consistency, temperature 25°C)
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Table 1: Effect of the selected parameters on the yield of paper sludge (Y) and the crystallinity of cellulose
(X) of phosphoric acid-pretreatment paper sludge

Run A (%) B (%) C (h) D (°C) Y (%) X (%)
No pretreatment * * * * * 83.7
1 4 60 0.5 25 95.46 94.0
2 10 60 0.5 25 99.22 80.4
3 4 85 0.5 25 91.75 -

4 10 85 0.5 25 95.75 -

5 4 60 4 25 92.48 93.9
6 10 60 4 25 94.47 80.7
7 4 85 4 25 78.77 -

8 10 85 4 25 82.88 -

9 4 60 0.5 80 93.58 87.5
10 10 60 0.5 80 93.48 87.8
11 4 85 0.5 80 59.81 -
12 10 85 0.5 80 64.14 -

13 4 60 4 80 88.48 -

14 10 60 4 80 82.71 90.9
15 4 85 4 80 52.27 -

16 10 85 4 80 43.05 -

17 4 72.5 225 52.5 80.21 88.8
18 10 72.5 225 52.5 85.87 85.3
19 7 60 225 52.5 92.51 88.0
20 7 85 225 52.5 92.04 -
21 7 72.5 0.5 52.5 87.6 85.7
22 7 72.5 4 52.5 83.65 87.8
23 7 72.5 225 25 95.28 83.1
24 7 72.5 225 80 81.02 -
25 7 72.5 225 52.5 85.64 91.5
26 7 72.5 2.25 52.5 84.83 88.0

Note: (A) the consistency, (B) acid concentration, (C) reaction time, (D) reaction temperature, (—) unmeasured samples due to
charring at ultimate stress conditions, and (*) undefined model parameters for the control sample.
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Table 3: Analysis of variance of crystallinity response

Source Sum of squares Mean of square F-value Prob > F
Model 198.53 66.18 19.40 <0.0001
A 79.76 79.76 23.38 0.0004
D 21.87 21.87 6.41 0.0263
AD 96.91 96.91 28.41 0.0002
Residual 40.94 341

Lack of fit 34.52 3.14 0.49 0.8196
SD@ 1.85 R-squared@ 0.8291

Mean 87.66 Adj R-squared 0.7863

OAVAL 2.11 Pred R-squared” 0.7383

PRESS® 62.66 Adeq precision® 14.027

Note: @ Standard deviation, ‘¥’ Coefficient of variance, © Predicted residual sum of squares, ) Regression coefficient, @) Adjusted
recression coefficient. ¥ Predicted regression coefficient. ® Adeauate recression coefficient.
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Table 4: The confidence and predicted intervals of the pretreatment conditions

Prediction 95% CI low 95% CI high 95% PI low 95% PI high

Yield 99.28 94.00 104.56 86.46 112.10
Crystallinity 80.13 77.50 82.77 75.14 85.13
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Table 2: Analysis of variance of model parameters for yield response

Source Sum of squares Mean of square F-value Prob > F
Model 4200.03 1050.01 33.27 <0.0001
B 1719.42 1719.42 54.48 <0.0001
C 338.48 338.48 10.72 0.0036
D 1485.49 1485.49 47.06 <0.0001
B xD 656.64 656.64 20.80 0.0002
Residual 662.82 31.56

Lack of fit 662.50 33.13 102.23 0.0778
SD@ 5.62 R-squared® 0.8637

Mean 83.57 Adj. R-squared 0.8377

OAVAL 6.72 Pred. R-squared?” 0.8029

PRESS® 958.24 Adeq. precision® 18.829

Note: @ Standard deviation, ‘¥’ Coefficient of variance, © Predicted residual sum of squares, ) Regression coefficient, @) Adjusted
regression coefficient. Y Predicted regression coefficient. and © Adeauate regression coefficient.
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