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Abstract

:

Recycled paper fiber rejects have shown potential as a source of waste-to-resource carbohydrates for renewable chemicals production. This study examined three classes of recycled paper fines (old corrugated containers, old newspaper, and mixed office waste) and two industrial papermaking rejects streams from different recycling mills (one mill processes linerboard and the other old corrugated cardboard). The effect of chemical pretreatment using dilute sodium hydroxide, hot water and dilute sulfuric acid on enzymatic glucose and xylose yields was evaluated. Enzymatic hydrolysis results indicated that recycled fiber streams with more old corrugated cardboard have higher potential to produce carbohydrates. The recycled cardboard rejects produced more glucose and xylose per kilogram of rejects than the linerboard rejects under all untreated and pretreated conditions. The highest producing rejects sample was sodium hydroxide pretreated cardboard rejects with 373 g glucose and 61 g xylose produced per kilogram of rejects. However, a simple hot water pretreatment showed similar results, with 335 g glucose and 58 g xylose produced per kilogram of rejects. The hot water pretreatment is recommended due to its comparable yield and lower chemical addition.
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1. Introduction


As the challenges of climate change worsen and fossil fuel prices rise, countries have begun to seriously examine more environmentally compatible renewable fuels and products such as cellulosic ethanol, butanol and biodegradable plastics [1,2]. Currently, sugar-based production of renewable chemicals and fuels commonly uses dextrose harvested from corn starch and sucrose from sugar beets and sugar cane [3,4]. However, cellulosic glucose production has been gaining attention in recent years as it can [5,6]:




	
Reuse and reduce lignocellulosic waste;



	
Avoid impacts on food supply;



	
Help slow the rapid conversion of land for farm use by using waste streams like paper mill waste or marginal lands for energy crops like switchgrass.








The main challenge in recovering carbohydrates from second-generation cellulosic sources involves breaking down lignocellulosic biomass to allow access by chemicals or enzymes to the polysaccharides that yield fermentable sugar, most commonly glucose from cellulose [4]. Biomass consists of a complex, three-dimensional matrix consisting mostly of cellulose, hemicellulose, and lignin that provides structure and protection [4,7]. The process of disrupting this lignocellulosic matrix to access the carbohydrates generally includes the mechanical break-down of the biomass to smaller particles and fibers. It often also utilizes chemical pretreatment to aid in lignin degradation and removal [4,7]. These processes can be costly and are a significant barrier to widespread carbohydrate production from lignocellulosic sources [8]. Once the carbohydrate polymers are broken down to monomers, these simple sugars can be used for biofuel production or other products like biodegradable and compostable plastics [4,9].



Recycled paper fibers have already undergone mechanical and/or chemical treatment, making them a good candidate for lignocellulosic carbohydrate production. When paper is recycled, approximately 15–20% of the feedstock is rejected either as fillers and fines from white water or as screen rejects after repulping [10,11]. This mixture of rejected recycled material often ends up in a landfill. Landfilling can be costly and leads to land use issues and methane emissions as the organic material anaerobically decomposes [10,12,13,14].



Alternatively, these paper mill rejects, deemed unusable for recycled paper production, could be redirected to producing valuable cellulosic carbohydrates like glucose. This would reduce waste from the paper mills, save money on landfilling costs, and produce a value-added product from a waste stream that could generate new revenue. The combined production of rejects from the two recycled paper mills examined in this study is about 20,000 dry tons per year at a moisture content of 40–45%; landfilling these rejects can cost paper companies USD 25–80/wet ton [14,15]. Using mill rejects as a feedstock for cellulosic carbohydrate production would also decrease the need for processing new timber, switchgrass, or other lignocellulosic sources, reducing a major cost of potential second-generation chemicals manufacture.



However, using wood fiber from paper mill rejects poses unique challenges. There is not one uniform type of reject; rejects are produced during the recycling of all types of fiber with different compositions and characteristics. Rejects can also contain several contaminants including inks, inorganic fillers, plastics, and more that could complicate the saccharification and fermentation process [11,13,14,16].



Valorization of different paper mill wastes is a widely researched topic. Some examples of previous research in this field include bio-based chemical production from paper sludge [13,14] and specific applications of paper fines and rejects [10,11,15]. This study aimed to fill a gap by differentiating between different recycled fiber rejects and specific fines types. This was accomplished by comparing the composition and carbohydrate recovery of two paper mill rejects streams with manually collected fiber fines from three major recycled fiber categories: old corrugated containers (OCC); old newspaper (ONP), and mixed office waste (MOW). Fines were used as a comparison as white water rejects contain a larger fines fraction than unrejected fiber [10,15]. The first rejects stream was obtained from a mixed paper (OCC, MOW and ONP) recycling facility that produces linerboard (R1) and the second from a primarily OCC recycling facility (R2).



For both fines and rejects, the effect of a sodium hydroxide pretreatment on glucose and xylose yields was examined. Rejects were also treated with hot water and dilute sulfuric acid to compare the effects of both high and low pH pretreatments on sugar yields. It was expected that greater glucose and xylose yields would be achieved with the MOW samples that had undergone more chemical pulping and bleaching to remove lignin and hemicelluloses. Additionally, it was predicted that the fines sample with the highest sugar yield would indicate the best type of recycled fiber rejects stream for sugar production.




2. Materials and Methods


2.1. Collection of Fines Samples


OCC, ONP, and MOW fines samples were collected manually. Samples were soaked in tap water overnight and disintegrated in an Adirondak Hydropulper and a TMI British Disintegrator. Following disintegration, the fibers were separated using a Bauer McNett fiber classifier. Following passage through the final 150-mesh sieve, the fines were collected in five-gallon buckets. After allowing the fines to settle overnight, the fines were isolated by decanting and filtering. Industrial recycled fiber rejects (fines, screen rejects, and other rejects) were supplied by a folding carton recycling mill (R1; mixed recycled media) and a linerboard recycling mill (R2; mainly recycled OCC). Two consistency measurements were taken for each sample and averaged to determine the solid content.




2.2. Pretreatments


Pretreatments selected for this study included hot water, 0.1 M NaOH, and 0.5% (w/w) and 1.0% (w/w) sulfuric acid pretreatments. These pretreatment methods are commonly considered for biomass conversion [8]. Each of the five fines and two rejects samples were pretreated using 0.1 M NaOH at 80 °C and a liquid to solids ratio of 12:1 in a water bath for two hours. Samples were treated in 600 mL beakers covered in aluminum foil and stirred every 30 min during treatment. The rejects samples (R1 and R2) were also subjected to three high pressure and temperature pretreatments: water; 0.5% (w/w) sulfuric acid; and 1.0% (w/w) sulfuric acid. These samples were treated in 600 mL beakers covered in aluminum foil with a liquid-to-solids ratio of 10:1. Samples were autoclaved for one hour at a temperature of 121 °C. Following pretreatment, all samples were neutralized to pH 5 using dilute sulfuric acid and allowed to stand at 5 °C overnight. The following day, pH of the samples was checked again to ensure that it had remained neutral (pH < 7). Neutral samples were vacuum filtered and their consistency was measured, while the samples with a pH that had increased or decreased from the pH 5–7 window were re-neutralized and allowed to sit overnight again before filtration. Pretreated samples are denoted with an additional -S for sodium hydroxide, -W for hot water, -A5 for 0.5% sulfuric acid, and -A1 for 1.0% sulfuric acid.




2.3. Analysis of Carbohydrates and Klason Lignin Content by Acid Hydrolysis


The carbohydrates and Klason lignin were measured based on the method of NREL/TP-510-42618.



Untreated and pretreated fines samples were analyzed in duplicate for carbohydrates and Klason lignin contents. For the untreated and sodium hydroxide pretreated ONP, MOW, and R1, 6 mL of 72% H2SO4 (aq) was used instead of the 3 mL described in NREL/TP-510-42618 due to the buffer capacity of the alkaline fillers (presumably carbonates [10]) collected with the fines. All recovered lignin samples were ashed at 550 °C for five hours to determine the ash content of the lignin. The ash content was subtracted from the dry mass obtained for the final Klason lignin mass.



For analysis of the carbohydrates, a Waters HPLC system was employed with Waters 1525 Binary Pump, a Waters 717 plus Autosampler, a Waters 2414 Refractive Index Detector and Breeze software for operation control and data processing. The HPLC column was equipped with BIO-RAD De-Ashing Refill Cartridges, 30 × 4.6 mm (guard column), in line with a BIO-RAD Aminex HPX-87P Column. Ultrapure water at a flowrate of 0.3 mL/min was used as the mobile phase.




2.4. Ash Content


The Ash content of the fines samples was measured (in duplicate) based on the method of NREL/TP-510-42622.




2.5. Fiber Length Assessment


Fiber length measurements of each sample were taken using an Optest® Fiber Quality Analyzer. A total of 10,000 fibers were counted in a dilute DI water suspension.




2.6. Enzymatic Saccharification


For the enzymatic hydrolysis of the fiber samples, a Novozymes® Cellic® Ctec2 cellulase enzyme blend (Lot #SLBZ9767) was used [17]. This enzyme mixture contains both cellulase and xylanase.



For each sample, the amount of biomass needed for 0.1 g of cellulose was calculated based on the carbohydrate analysis. Three trials of each biomass sample were completed in 20 mL scintillation vials: two with enzyme, and one without enzyme as a control. To each vial, 5.0 mL 0.1 M sodium citrate buffer (16.96 g sodium citrate, 8.127 g citric acid, 800 mL water, adjusted to pH 5 using HCl and NaOH) was added to regulate pH during hydrolysis. Then, 10 mg (0.7 FPU, determined based on NREL/TP-510-42628) of enzyme was added to each test sample. An enzyme blank was included with no substrate and the same enzyme dose. Deionized water was added to each vial to reach a total volume of 10 mL; this assumed a biomass density of 1 g/mL and subtracted the moisture content of the fines samples. For the ONP samples an additional 2.5 mL of buffer and water was added and for the ONP-S samples an additional 5 mL of buffer and water were added to decrease the solids content and facilitate mixing. Samples were placed in an incubator at 50 °C, a 15° angle, and 60 rpm rotation for 7 days.



Next, 1 mL of each sample was filtered into HPLC vials for analysis of glucose and xylose release using the HPLC system described previously. Total glucose recovery was calculated using Equation (1), as shown below, where ms is the free glucose in the sample, mc is the original cellulose mass in the sample, and the conversion factor of     180   162     converts the mass of cellulose to the corresponding mass of hydrolyzed glucose:


  %   G l u c o s e   R e c o v e r y =    m s     m c  ×   180   162     × 100 %  



(1)







Xylose recovery used the same equation, however, ms represented free xylose in the sample, mc represented the original xylan mass in the sample, and the conversion from xylan to hydrolyzed xylose was     150   132    .





3. Results


3.1. Fiber Length Characterization


The fiber length characterization was used to evaluate whether the paper mill rejects examined contained a large fines fraction comparable to the manually collected fines. Analysis of the samples’ fiber characteristics (Table 1) showed the expected results; manually collected fines samples (OCC, ONP, and MOW) contained mostly fines by both arithmetic and length weighted percent fines calculations. The rejects also had a high arithmetic fines fraction around 45–50% for the untreated samples, supporting the collection of fines in paper mill rejects filters [10,15]. However, the rejects contained longer fibers as well, indicated most clearly by the length weighted fines percent—while the manually collected fines samples were all above 77% length weighted fines, the rejects were all below 12%.




3.2. Biomass Characterization of Fines Samples


Characterization of the fines samples (Table 2) showed only small changes in composition with NaOH pretreatment. One exception was noted: ONP lignin content was slightly increased, most likely caused by the reduction in overall polysaccharide content. In the rejects samples, the sodium hydroxide pretreatment appeared more effective at preserving cellulose content than hot water and acid pretreatments. This trend supported the greater stability of cellulose chains under alkaline conditions [18,19].



Ash content in all samples was much higher than the typical 0–1% in wood fiber samples [20]. In particular, untreated R1 had ash content above 30% and MOW had around 70%. Fillers, ink, and plastic contamination were not removed prior to biomass characterization or enzymatic hydrolysis. ONP was visibly dyed black by ink, MOW was chalky-white with small black spots indicating filler and ink, and the rejects samples (especially R1) had visible plastic and Styrofoam bits distributed in the fiber. The ash and cellulose content of the R2 sample was very similar to the OCC fines’ supporting its majority OCC fiber content.




3.3. Glucose and Xylose Yield from Enzymatic Saccharification


Of the three fines samples, OCC had the highest yields of both glucose and xylose in untreated and sodium hydroxide pretreated fines (Table 3). Glucose yield increased with pretreatment from 83 to 90%, and xylose yield was close to 100% with and without pretreatment. The xylose yield over 100% for OCC was most likely due to the high variability in substrate xylan content (±1.0% for samples with an average of only 9.0% xylan content) in the OCC biomass characterization. ONP had the next highest yield, yet was still significantly lower than the OCC with only 28% glucose recovery at best in the untreated fines. MOW showed almost no glucose yield and minimal xylose release in both untreated and pretreated fines. After hydrolysis, the pH of all samples remained close to pH 5 set by the buffer except for MOW and MOW-S; the pH for these samples was seven or above, well outside the ideal range of the enzymes (at pH 7, the relative performance of Cellic Ctec2 is about 20% of that at pH 5) [17].



For the rejects, R1 had higher glucose and xylose yields with hot water and dilute sulfuric acid pretreatments than sodium hydroxide pretreatment. The highest percent yield was achieved in the 0.5% sulfuric acid pretreated sample for both glucose (69%) and xylose (75%). This was a significant increase from the 8% glucose and 42% xylose yield from the untreated sample. Untreated R2 performed better than untreated R1 despite their similar compositions, with 27% glucose and 57% xylose recovery. By percent yield, the hot water pretreated R2 had the highest average glucose yield of the rejects samples (70%). The higher standard deviations noted for the recovery of carbohydrates from the rejects may be due to variations in content caused by plastics and other non-uniform contaminations.



Figure 1a,b illustrate the glucose and xylose yield of the fines samples in grams of sugar per kilogram of oven dry (OD) fines input to the enzymatic hydrolysis. There was negligible loss of fines mass during pretreatment. OCC remained the highest producer of the fines samples in both glucose and xylose yield when adjusted for input mass. ONP xylose yield in both untreated and NaOH pretreated samples was comparable to that of MOW when adjusted for input mass.



Figure 2a,b illustrate the enzymatic glucose and xylose yield of the mill rejects samples in grams of sugar per kilogram of OD rejects. There was negligible loss of rejects mass during pretreatment. For R1 rejects samples adjusted for sample input mass, 0.5% and 1.0% H2SO4 pretreated samples remained the highest producers of glucose with 301 and 255 g glucose/kg sample, respectively. However, when adjusted for input mass, the water pretreated sample had a similar xylose yield to the 0.5% and 1.0% acid samples. For both glucose and xylose yield, NaOH, 0.5% H2SO4 and 1.0% H2SO4 pretreated R2 samples showed similar results (~350 g glucose/kg sample and ~60 g xylose/kg sample). These R2 samples had the highest recoveries of all the rejects samples.





4. Discussion


As shown in Table 1, the manually collected OCC, ONP and MOW samples were classified as about 90% fines by arithmetic percent. Although the untreated rejects contained a lower arithmetic fines fraction of around 50%, this large fraction still supports the high collection of fines in rejects filters [10,15]. In addition to fines recovered from white water, a recycled fiber facility also collects screen rejects and other waste streams. Screen rejects include material that was not defibered effectively in the pulping system and includes longer, larger fibers in addition to fines. Overall, the fibers that were affected most by pretreatment appear to be the longer fibers. There is a common downward trend in weight-weighted fiber length with increasingly severe acid pretreatment from untreated to 1.0% sulfuric acid pretreated rejects samples. This reduction in the largest fibers indicates their susceptibility to chemical attack [21,22,23].



Of the three fines samples shown in Table 2, OCC had the highest carbohydrate and cellulose content by about 10% followed by ONP. This gap increased further with sodium hydroxide pretreatment, while the OCC lignin content decreased by about 1% and ash by 3.5%. Lignin content for ONP increased by 2.5%, indicating a slightly larger loss of polysaccharides during NaOH pretreatment for the ONP samples. Each of these trends indicates the potential in OCC fines for enzymatic saccharification: the increase in carbohydrate and cellulose content indicates the carbohydrates were not extensively damaged during pretreatment; the small reduction in lignin content signifies a disruption of the lignocellulosic protective matrix; and the reduction in ash shows that fewer compounds are present to alter the pH during subsequent enzymatic saccharification [19,24].



Both ONP and MOW lost carbohydrates during pretreatment while their ash content increased slightly, potentially indicating minor degradation of amorphous carbohydrates while filler and other contaminant content of the fines remained unchanged [18]. As mentioned, the ONP lignin content increased slightly during pretreatment, while the MOW sample experienced a slight decrease in lignin content. MOW samples already started with minimal lignin content due to extensive lignin removal during the chemical pulping process [25]. The high overall lignin content in ONP and ash fraction in MOW most likely contributed to the poor enzymatic saccharification of the ONP and MOW samples [19].



The promising trends in the OCC composition changes with pretreatment were supported in the enzymatic hydrolysis results shown in Table 3 and Figure 1a,b. Even without pretreatment, OCC fines already showed positive results with 83% glucose yield (377 g/kg fines). The xylose yield was around 100%. The glucose results improved to 91% glucose yield (432 g/kg fines) with NaOH pretreatment. At first glance, it seems surprising that OCC had such a high glucose yield given that cardboard fiber is generally produced using a semi-chemical pulping process and still contains a significant amount of lignin compared to chemically pulped fiber like MOW (~25% for OCC and OCC-S). However, there have been examples of mechanically treated fiber responding well to enzymatic hydrolysis despite having high lignin content; mechanically treated fiber has been shown to achieve enzymatic glucose yields up to 90% and xylose yields as high as 79% [26].



The glucose and xylose yields for OCC were much higher than ONP; the highest glucose yield was only 28.3% (101 g/kg fines) in the untreated sample, and the highest xylose yield was 31.1% (13.8 g/kg fines) in the sodium hydroxide pretreated sample. These poor results for ONP were due in part to its very high lignin (>36%, much higher than the OCC samples) and lower carbohydrate content; lignin inhibits access of the enzymes, and the low carbohydrate content results in less yield per unit of fines supplied to the hydrolysis [19]. Furthermore, during enzymatic hydrolysis ONP required additional buffer and water addition due to extensive absorption of the moisture by the fines sample, creating a sludge that did not mix with rotation of the samples. This sludging caused more of an issue in the ONP-S. The lack of proper mixing could have contributed to the drop in glucose yield from 28.3 to 15.9% for ONP and ONP-S.



MOW samples showed almost no glucose yield. Chemical treatment of fiber tends to reduce amorphous cellulose content in fiber due to the susceptibility of these regions to hydrolysis. The remaining crystalline regions are extremely difficult for enzymes to access, which may have contributed to low sugar yields [21,22,27]. The high pH of these samples caused by the larger filler content (most likely carbonates) also caused process issues due to the low activity of the enzyme blend at higher pH [10,17]. Hemicellulose does not have crystalline regions due to the heterogeneity of these biomass polymers; this may have allowed the enzymes to degrade the xylan polymer in MOW samples at a comparable level to the ONP samples, even at the low activity caused by increased pH [28]. Overall, these ONP and MOW samples are not viable in the form used in this study due to their low polysaccharide content and high ink and filler content, which resulted in low carbohydrate yields per kilogram of biomass input.



The two untreated rejects samples had very similar cellulose content (~43%) prior to pretreatment (see Table 2). However, R1 had lower overall carbohydrate and xylose content and higher lignin and ash content than R2. Recycle mill R1 utilizes mixed recycled fiber material (OCC, ONP, and MOW), while R2 uses OCC only. Despite having higher lignin content than R2, R1 did not maintain its cellulose content with pretreatment as well as R2. Although R1 increased in cellulose content with sodium hydroxide pretreatment to 48%, R2 increased further to 51%. Additionally, the cellulose in R1 appeared much more susceptible to hydrolysis during pretreatment with increasing sulfuric acid pretreatment than R2; the cellulose contents of the water, 0.5%, and 1.0% acid pretreated R1 samples were all lower than the untreated sample, while R2 had either the same or higher cellulose content than the untreated sample. Xylan content for R1 increased for all samples after pretreatment, while R2 xylan content remained approximately constant, although still higher than that of R1. In both R1 and R2, hot water and acid pretreatments appeared to be more effective at reducing the lignin content and thereby increasing the cellulose accessibility by the enzymes [7,19]. For R1 and R2, the final pH’s after pretreatment ranged from about pH 8 for hot water to pH 4.5 for 1.0% sulfuric acid.



Overall, R2 performed better than R1 in glucose and xylose yield, both by percent yield and yield per kilogram of biomass as shown by Table 3 and Figure 2a,b. R2 had the highest percent glucose yield of 70% with water pretreatment, and the highest percent xylose yield of 88% with NaOH pretreatment. However, when these results were adjusted for input rejects mass, R2-S had both the highest glucose (373 g/kg rejects) and xylose (61.4 g/kg rejects) yield of the rejects due to its high cellulose content (51%). R1 had both its highest percent and mass yield of glucose and xylose after pretreatment with 0.5% sulfuric acid, possibly due to the higher filler (ash) content of the R1 samples, which required more neutralization in order for the acid pretreatment to have an effect on the pH [24]. For both R1 and R2 acid pretreated samples, lower acid concentration (0–0.5%) appeared to be better for both glucose and xylose yields, both by percent yield and yield per kilogram of rejects most likely due to extensive polysaccharide degradation and loss at lower pH [4].



The best average glucose and xylose yield per kilogram of rejects occurred in the R2-S samples. However, due to the large variation in the results, hot water pretreatment appears to have very similar potential for R2 recovery of carbohydrates. The variation in the hydrolysis results was most likely caused by the non-uniformity of the rejects caused by contaminants like plastics, filler and inks. Hot water has a similar effect to dilute acid pretreatment by releasing acetyl groups from the hemicellulose in the biomass, effectively reducing the pH and furthering the pretreatment effect on the carbohydrates and lignin [4]. This effect is realized without the further addition of chemicals to the solution, saving on costs and toxicity of the process. As the hot water process more than doubled the glucose and xylose yields of the untreated R2 sample (with 335 and 58.3 g/kg rejects, respectively), and had comparative results with the other pretreated samples, the hot water process appears to be the best method for recovering carbohydrates from high OCC rejects like R2. Water and dilute acid pretreatments also had the benefit of partially or fully neutralizing the alkaline filler in the rejects, reducing or eliminating the need for chemical addition to adjust the pH following pretreatment.



Based on the results of this study, the OCC (both fiber and fines) content of paper rejects is a good indicator for high carbohydrate production potential. The OCC fines had much higher glucose and xylose yields than ONP and MOW in both untreated and pretreated samples. R2 is an OCC recycling mill, while R1 processes a mixed fiber recycling stream. As R2 showed better carbohydrate yields per kilogram of rejects in all untreated and pretreated samples, it is apparent that in this experimental design, higher OCC content in the rejects stream led to better glucose and xylose yields from enzymatic saccharification. However, this may also be due to the R1 rejects having a higher contamination content than R2, which influences the yield per kilogram of rejects; R1 had higher ash and lignin content than R2, indicating higher filler and ink content. Higher contamination content results in lower cellulose content, causing lower yield per kilogram of reject. By percent yield, R1 performs comparably to R2 after 0.5 and 1.0% sulfuric acid pretreatment. Therefore, if the contamination content of a linerboard recycled fiber rejects stream like R1 could be efficiently reduced, both rejects streams could show similar potential with regard to the recovery of carbohydrates.




5. Conclusions


Recycled paper rejects show significant potential as a feedstock for lignocellulosic sugar production. However, as this research has shown, different rejects streams will have different sugar production potential based on the type of paper being recycled. Analysis of collected OCC, ONP, and MOW fines fractions showed that OCC fines have the highest cellulose and the least contaminant content. With these advantages, sodium hydroxide pretreated OCC was the highest glucose and xylose producer of the fines, with 432 g glucose and 117 g xylose/kg fines—more than five times higher than the second highest producer, ONP. These results suggest that rejects from mills with high OCC content would have the best carbohydrate production potential.



Enzymatic hydrolysis of a mixed recycled fiber rejects stream (R1) and a high OCC content rejects stream (R2) supported this conclusion. Although R1 and R2 both had 43% cellulose content, the high OCC content R2 rejects showed better enzymatic glucose and xylose yields under all untreated and pretreated conditions examined. Sodium hydroxide pretreated R2 was the highest producing rejects sample with 373 g glucose and 61 g xylose produced per kilogram of rejects. However, the hot water pretreated R2 was not far behind with 335 g glucose and 58 g xylose produced per kilogram of rejects. Therefore, hot water pretreatment is recommended for sugar production from paper mill rejects to minimize chemical addition.
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Figure 1. Carbohydrate yield from paper fines in grams of sugar produced per kilogram of oven dry fines starting material: (a) glucose yield; (b) xylose yield. The error bars indicate ± one standard deviation from the mean. The legend entries (top to bottom) correspond to the bars in each category (left to right). 
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Figure 2. Carbohydrate yield from paper rejects in grams of sugar produced per kilogram of oven dry rejects starting material: (a) glucose yield; (b) xylose yield. The error bars indicate ± one standard deviation from the mean. The legend entries (top to bottom) correspond to the bars in each category (left to right). 
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Table 1. Fines content and length characterization of fines samples.






Table 1. Fines content and length characterization of fines samples.





	Sample
	Arithmetic Fines (%)
	Length Weighted Fines (%)
	Arithmetic Mean Length (mm)
	Length Weighted Mean Length (mm)
	Weight Weighted Mean Length (mm)





	OCC
	91.49
	79.92
	0.124
	0.188
	0.765



	OCC-S
	91.63
	81.74
	0.123
	0.158
	0.334



	ONP
	89.51
	77.39
	0.130
	0.177
	0.396



	ONP-S
	89.94
	77.57
	0.131
	0.212
	1.033



	MOW
	93.80
	84.03
	0.117
	0.153
	0.273



	MOW-S
	92.44
	82.29
	0.119
	0.152
	0.254



	R1
	49.11
	11.13
	0.497
	1.455
	2.538



	R1-S
	45.33
	9.11
	0.552
	1.519
	2.519



	R1-W
	49.48
	11.30
	0.491
	1.432
	2.532



	R1-A5
	48.87
	11.48
	0.475
	1.349
	2.431



	R1-A1
	47.27
	11.07
	0.483
	1.317
	2.300



	R2
	44.21
	8.53
	0.576
	1.577
	2.632



	R2-S
	34.51
	5.84
	0.688
	1.624
	2.531



	R2-W
	37.23
	6.36
	0.663
	1.627
	2.526



	R2-A5
	36.34
	6.17
	0.670
	1.617
	2.533



	R2-A1
	41.26
	8.50
	0.557
	1.405
	2.407
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Table 2. Biomass characterization of fiber samples: carbohydrate, ash, and lignin content.
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	Sample
	Total Carbohydrates (%) 1
	Cellulose (%) 1
	Xylan (%) 1
	Glucomannan (%) 1
	Ash (%) 1
	Klason Lignin (%) 1





	OCC
	53.2 ± 4.4
	40.8 ± 2.1
	9.0 ± 1.0
	2.5 ± 0.2
	17.4 ± 0.1
	25.8 ± 2.8



	OCC-S
	57.5 ± 4.9
	43.0 ± 1.7
	10.6 ± 1.0
	2.9 ± 0.7
	14.9 ± 0.0
	24.7 ± 3.7



	ONP
	46.3 ± 3.7
	32.0 ± 2.5
	4.5 ± 0.6
	7.8 ± 0.5
	2.8 ± 0.0
	36.4 ± 0.4



	ONP-S
	45.6 ± 3.7
	31.4 ± 2.5
	3.9 ± 0.3
	7.3 ± 0.2
	4.5 ± 0.2
	38.9 ± 0.9



	MOW
	29.7 ± 0.8
	19.3 ± 0.6
	9.7 ± 0.2
	N/A
	68.9 ± 1.2
	4.9 ± 0.3



	MOW-S
	27.9 ± 1.1
	17.6 ± 0.9
	10.3 ± 0.2
	N/A
	71.5 ± 0.2
	3.4 ± 0.6



	R1
	52.0 ± 2.4
	43.5 ± 1.8
	4.2 ± 0.0
	3.9 ± 0.3
	30.4 ± 1.2
	19.9 ± 0.5



	R1-S
	58.3 ± 0.1
	48.3 ± 0.3
	5.9 ± 0.1
	3.7 ± 0.2
	24.8 ± 0.2
	19.0 ± 0.8



	R1-W
	53.1 ± 2.5
	40.8 ± 1.4
	6.2 ± 0.3
	4.8 ± 0.3
	22.3 ± 0.1
	17.3 ± 0.3



	R1-A5
	51.4 ± 0.9
	38.4 ± 0.7
	6.0 ± 0.0
	4.6 ± 0.2
	24.5 ± 0.5
	16.2 ± 1.2



	R1-A1
	47.9 ± 0.3
	39.0 ± 0.2
	5.7 ± 0.1
	2.2 ± 0.1
	25.0 ± 0.6
	15.9 ± 1.8



	R2
	56.2 ± 1.5
	43.1 ± 0.6
	7.2 ± 0.1
	4.5 ± 0.2
	18.5 ± 0.0
	17.9 ± 1.1



	R2-S
	65.0 ± 1.4
	51.1 ± 1.5
	7.9 ± 0.2
	5.1 ± 0.1
	11.5 ± 1.1
	19.4 ± 1.8



	R2-W
	54.8 ± 2.4
	43.1 ± 1.9
	7.1 ± 0.2
	3.8 ± 0.3
	16.7 ± 3.0
	17.0 ± 1.0



	R2-A5
	62.8 ± 0.3
	48.7 ± 0.3
	7.7 ± 0.0
	5.0 ± 0.0
	15.2 ± 0.1
	16.9 ± 0.3



	R2-A1
	59.6 ± 3.7
	46.4 ± 1.7
	6.9 ± 0.6
	4.7 ± 0.5
	17.3 ± 0.6
	16.7 ± 0.5







1 The indicated error is ± one standard deviation from the mean.
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Table 3. Average adjusted glucose and xylose yield from enzymatic hydrolysis.
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	Sample
	Average Glucose Yield (%) 1
	Average Xylose Yield (%) 1





	OCC
	83.2 ± 0.5
	104.2 ± 1.1



	OCC-S
	90.5 ± 2.7
	97.5 ± 2.7



	ONP
	28.3 ± 1.2
	21.3 ± 0.7



	ONP-S
	15.9 ± 3.7
	31.1 ± 4.9



	MOW
	0.3 ± 0.1
	11.4 ± 1.2



	MOW-S
	0.1 ± 0.2
	7.3 ± 10.3



	R1
	8.2 ± 2.4
	41.9 ± 4.3



	R1-S
	31.5 ± 0.6
	51.9 ± 0.5



	R1-W
	44.2 ± 5.4
	64.0 ± 7.7



	R1-A5
	68.9 ± 5.9
	74.7 ± 10.6



	R1-A1
	58.9 ± 6.1
	65.2 ± 2.8



	R2
	27.3 ± 8.5
	56.9 ± 9.3



	R2-S
	63.5 ± 6.7
	87.5 ± 7.9



	R2-W
	70.1 ± 9.5
	72.5 ± 12.8



	R2-A5
	64.0 ± 1.5
	68.3 ± 1.9



	R2-A1
	57.6 ± 0.1
	69.1 ± 1.2







1 The indicated error is ± one standard deviation from the mean.
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