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Abstract

:

The pulp and paper industry (PPI) is a major contributor to the global economy, but it also poses a challenge for waste disposal, as it generates large amounts of several waste streams. Among these, paper rejects are generated during the papermaking process and could account for up to 25% of the produced paper. Moreover, hundreds of millions of tons of paper are produced annually that end up in landfills if not burnt or recycled. Furthermore, the PPI significantly contributes to climate change and global warming in the form of deforestation and water and air pollution. Therefore, the impact of this industry on the sustainability of natural resources and its adverse environmental health effects requires special attention. This review focuses on discussing the sustainable routes to utilize paper waste and rejects from the PPI towards a circular economy. At first, it discusses the industry itself and its environmental impact, followed by the possible sustainable approaches that can be implemented to improve papermaking processes as well as waste management systems, including paper recycling. The literature indicates that paper recycling is crucial because, if appropriately designed, it significantly lowers greenhouse gas emissions, water and resources consumption, and manufacturing costs. However, several concerns have surfaced about the different chemicals that are used to improve recycling efficiency and recycled paper quality. Furthermore, paper recycling is limited to up to seven times. This review, therefore, goes on to highlight several sustainable waste management routes for paper waste utilization other than recycling by emphasizing the concept of converting paper waste and rejects into energy and high-value materials, including biofuels, biohydrogen, biomethane, heat, nanocellulose, hydrochar, construction materials, and soil amendments. Both the benefits and shortcomings of these waste management routes and their applications are discussed. It becomes clear from this review that sustainable management solutions for paper waste and rejects are implementable, but further research and development are still needed.
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1. Introduction


Paper is produced from the cellulose pulp fibers obtained from wood pulping. It was first produced in China, spread to Europe, and has since been manufactured all over the world [1]. Over the years, paper manufacturing processes have changed in terms of the techniques and chemicals used, but wood remains the most widely used source of fibers in the industry [2]. Despite digitization, paper is still consumed in offices, magazines, and newspapers. It also contributes to 31% of the packaging market globally [3]. The pulp and paper industry (PPI) is a major contributor to the global economy despite the low-profit margins due to well-known challenges in pricing and fulfilling consumer requirements. This industry also faces constant pressure to reduce emissions that cause water and air pollution [4]. Deforestation is also a challenge for the PPI, as roughly 4 billion trees are cut down every year to serve as the raw material for paper making [5]. Most of the recent strategies for reducing this effect aim to increase the efficiency of printing techniques and the utilization of recycled paper [6]. The PPI is considered a major water polluter because it releases massive amounts of toxic substances into water bodies. The wastewater from the PPI contains more than 250 toxic chemicals resulting from various processes in wood pulping and papermaking, including organic, sulfur, and chlorinated compounds and heavy metals, such as chlorophenols, sulfides, iron, zinc, and manganese [7,8]. The PPI also generates various types of waste, such as wood rejects, black liquor, paper rejects, and sludge [9]. The large amounts of waste present a challenge for waste disposal and can result in significant damage to water, air, and soil. Furthermore, the organic matter in wastewater sludge, if discharged into water bodies, increases biochemical oxygen demand (BOD), causing eutrophication [10]. Waste combustion can also cause health problems in nearby communities. Recently, advanced incineration technologies have been developed and used, which emit less harmful gases, but the health effects of incinerators can still be difficult to evaluate because of the simultaneous pollution from many other sources, such as automobiles and industries [11]. The PPI is also energy intensive, which can be improved by implementing energy conservation technologies, using renewable energy, and utilizing the biomass rejects of the industry as bioenergy [9].



The increased awareness of environmental issues and the rapid depletion of natural resources has promoted the interest of industries to reuse the waste generated in their manufacturing processes [12,13,14,15,16]. In addition, strict governmental regulations have been enacted to facilitate the utilization of wastes (reuse, recycling, or conversion), which were formerly burnt or disposed of in landfills, to reduce their environmental impact on air, soil, and water resources [17]. Sustainable waste management is a basic part of sustainable development, as multiple benefits in the public health, safety, and environmental sectors can be gained. Sustainable waste management reduces greenhouse gas emissions, improves the quality of life, preserves natural resources, and reduces soil and water contamination [18]. Moreover, modern waste management has a major goal of effectively recovering energy from waste before safely disposing of it. For example, organic waste has a high energy recovery potential [19], and municipal solid waste is listed as a renewable energy resource by the United States Environmental Protection Agency [20]. The recovery aspect of sustainable waste management is based on a hierarchy of waste prevention, reuse, recycling, recovery, and disposal. It is therefore important to mention that, before incineration and disposal, no efforts should be spared to convert paper waste and rejects into materials that can function as starting materials or finished products for all possible kinds of applications [21].



Several reviews are available in the literature about paper waste. Some discussed specific paper waste management techniques, including sorting and recycling [22,23], while others focused on the conversion of paper waste into a specific product, including construction materials and nanocellulose [24,25]. Our review comprehensively discusses the possible routes for the efficient conversion of paper waste and rejects into both high-value materials and energy. First of all, the review starts by explaining paper production from wood, including wood pulping and papermaking, and its impact on the environment while describing possible emissions, effluents, and wastes. It then continues to describe the process of recycling paper waste and rejects and the environmental and economic advantages. It then discusses the possible routes to convert paper waste into energy and high-value materials when it is not possible to further recycle paper into high-quality paper products. Finally, it economically and environmentally compares these routes with a focus on composting, anaerobic digestion, and incineration. Overall, this review provides a comprehensive overview of paper’s lifecycle—from wood to paper to energy and other useful products—towards a circular economy.




2. Wood Pulping and Papermaking


The PPI requires four main inputs for papermaking: cellulose fibers, chemicals, energy, and water. In the past, the industry utilized cotton and linen rags as cellulose sources but later shifted to wood for increased paper production and quality [26]. Cellulose is the most abundant biopolymer, and it is used for paper, cardboard, and textile manufacturing [27]. It is a linear homopolymer of glucose and represents around 40–60% of wood mass. The second most abundant biopolymers on Earth after cellulose are lignin and hemicellulose, each representing around 20–30% of wood mass [28]. Lignin is a networked polymer of phenylpropane units, and it is responsible for the resistance and stiffness of wood in living trees [29]. It also gives wood its yellowish to brownish color because it is brown in color when extracted as powder, while cellulose and hemicellulose are white to off-white [28]. Hemicellulose is a branched heteropolymer of seven simple sugars: glucose, galactose, mannose, xylose, arabinose, glucuronic acid, and galacturonic acid [30]. It acts as the glue between cellulose and lignin in the structure of wood at the anatomic level [31].



The production of paper from wood involves several steps: wood pulping, pulp bleaching, purification, beating and refining, papermaking, and final treatments [3]. Being the first step in papermaking, the main goal of the pulping process is to remove lignin and hemicellulose while keeping the structure of the cellulose fibers intact to form pulp [32]. The efficiency of pulp production is dependent on the chemical composition of the wood and the manufacturing processes used for pulping. The variation in the lignin content of wood significantly affects pulping because lignin is the most recalcitrant wood component to remove [33]. Wood pulping methods can be chemical, mechanical, or semi-mechanical [34]. As the names indicate, chemical pulping uses chemicals to dissolve lignin and hemicellulose to produce the pulp fibers; mechanical pulping uses mechanical processes such as grinding and refining for that purpose [35]. The pulp produced by chemical methods is of a higher quality and contains a higher amount of cellulose fibers compared to the mechanically produced pulp. In other words, chemical pulping is more efficient in removing lignin and hemicellulose, leading to a pulp with higher cellulose content [36]. Chemical and mechanical pulps are advantageous for different applications. For example, mechanical pulp has excellent printing properties [37]. Along with papermaking, chemical pulp is used in other applications, such as the textile industry, pharmaceutical industry, and fuel production [38]. Kraft pulping and sulfite pulping are the most common chemical pulping methods, with Kraft pulping being the most commonly used [39]. In 2016, 95% of the paper mills in North America used Kraft pulping [40]. Environmentally speaking, numerous waste products, such as lignin and effluent sludge, are generated during Kraft pulping [41]. After wood pulping, bleaching takes place to further eliminate the remaining lignin [40]. It improves the whiteness of mechanical or chemical pulps by removing the chromophoric lignin groups using chlorine or chlorine dioxide [42]. The bleached pulp is then purified by removing any rejected cellulose fibers via filtration. Rejected fibers exhibit similar properties to bleached pulp but do not hold a strong place in the global market due to the presence of impurities. Still, they are sometimes used as raw materials for cardboard manufacturing [41]. The purified bleached pulp then goes through a beating and refining process to increase the surface area of its fibers, which in turn increases their ability to hold water and form better bonds before the papermaking process [35]. The papermaking process is mostly a pulp dewatering process, in which the pulp is passed through rollers or wire meshes, which assist in the removal of water and the formation of paper. Finally, the newly formed paper is post-treated by calendaring, supercalendering, sizing, laminating, impregnating, or saturating to smoothen the surface of the paper and increase its quality [3,43].



The PPI has a significant impact on the environment as the main pulp fibers required for paper come from trees. Millions of trees are cut down annually to suffice the material uptake of the industry [44], and it is known that deforestation leads to an increase in temperatures globally, a rise in sea level, and a loss of biodiversity [6]. Moreover, pulping and papermaking require massive amounts of water, and the discharged wastewater contains high levels of toxic chemicals that harm the environment [45]. For instance, bleaching requires the use of different oxidizing agents, such as chlorine dioxide and ozone, which are considered harmful to the environment. In order to mitigate their environmental harm, the pulp is sometimes bleached using other green agents such as hydrogen peroxide; the resulting pulp is then a chlorine-free pulp [40,46]. Green solvents such as ionic liquids have also been explored in the literature as pulping agents to replace the harsh chemicals used in wood pulping [47,48,49,50,51]. Wastewater from the PPI is treated either by aerobic or anaerobic biological treatment, with aerobic being the most commonly used to reduce its BOD [52]. Aerobic treatment requires oxygen, which is supplied by aeration equipment. Anaerobic treatment is carried out in the absence of oxygen and has several advantages over aerobic treatment, including lower sludge production, but it is not commonly used in the PPI due to the formation of hydrogen sulfide [53]. The most common methods of disposal of the final paper sludge are landfilling and incineration [54]. When paper sludge is incinerated for energy recovery, another waste stream of the PPI, known as paper sludge ash, is produced. While paper sludge remains the main waste stream of the paper industry, paper sludge ash is also produced in large amounts [54]. Paper mill sludges are a mixture of several substances, including inorganic solids, chemical additives, and paper fibers [55]. From an environmental viewpoint, incineration and landfilling of sludge have a negative impact on the environment due to air and water pollution and land usage [56]. To reduce its environmental impact, the PPI explored paper waste as a raw material to produce paper, which seems to be environmentally beneficial [22]. However, many concerns have surfaced about the chemicals that are added to recycled paper to improve process efficiency and product quality [57]. Furthermore, recycled paper might have more harmful chemicals present in it due to cross-contamination with other wastes [23]. Moreover, waste recycling does not form a complete cycle as the amount of collected paper waste does not meet the required demands of paper products considering that recycling is not 100% efficient, as some of the paper waste degrades during the process [23]. Recycling also does not significantly reduce the greenhouse gas emissions of the PPI because it is not usually properly performed [58] and is still an energy-intensive process [59]. Due to the increase in global recycling rates, the amount of paper sludge from deinking and repulping also increased [60]. Deinking sludge contains ink particles, short cellulosic fibers, coatings, and deinking additives. Most deinking sludge is dewatered and incinerated for volume reduction and energy recovery, and very small amounts of it are used for the manufacturing of cement and bricks [61]. Figure 1 shows a summary of the main waste streams that are generated during paper’s lifecycle, starting with wood pulping to paper making, consumption, and recycling.



Overall, the PPI is a main consumer of wood, electricity, and water. It has a current objective of producing affordable and high-quality pulp while preserving natural resources [62]. Several parts of the world cannot keep up with the wood demand of the PPI and have shifted to alternative options such as bamboo, wheat straw, and rice straw [63]. The production of paper from non-wood sources has several advantages, such as ease of pulping and the high quality of the fibers, which can be used for the production of special types of paper [64]. Rice straw has a high cellulose content making it an excellent resource for paper production. Rice straw combined with wastepaper can produce paper that can be used as wrapping paper, art paper, and writing paper [65]. Moreover, non-wood fibers obtained from agricultural residues can solve the problem of agricultural waste disposal as it is commonly incinerated. Non-wood fibers also vary in length, which can be used to produce several types of paper [66]. Tea waste from the incorrect harvesting of black tea leaves, which is disposed of by landfilling, can also be used for papermaking [67]. Pineapple leaves and banana plant fibers are also good alternative raw materials for paper production as they both have high cellulose content [68].




3. Paper Waste and Rejects and Their Recycling


Paper can be virgin paper, which is produced from virgin pulp, or recycled paper, produced from recycled wastepaper or reprocessed pulp [3]. Paper recycling reduces the burden on the environment by minimizing natural resource consumption and reducing the amount of toxic chemicals released into the environment [59]. Paper recycling also plays a major role in decreasing greenhouse gas emissions since fewer trees are cut down, leading to more CO2 captured through photosynthesis; paper manufacturing costs are also reduced because fewer processes are required [69,70]. A study conducted using material flow analysis and life cycle assessment on waste paper recycling in Spain showed that each ton of virgin paper emits around 530 kg CO2−eq while a ton of recycled paper emits only around 210 kg CO2−eq, reducing CO2 emission by 320 kg CO2−eq per ton of paper [71]. Recycling reduces pollution in water bodies by 35% and air pollution by 74%. Moreover, it reduces land space usage and conserves natural resources [72]. The main sources of paper waste for recycled papermaking are industries, households, and small businesses. Globally, approximately half of the paper waste is recycled, whereas half is incinerated or landfilled [73]. Households generally are a good source of mixed and graphic papers, whereas trade and industries provide corrugated paper used for packaging. Offices, along with printing and conversion operations, are a source of high-grade paper [74,75]. There are around 50 identified grades of wastepaper, and the quality of wastepaper is a determinant of the end quality of the recycled paper. However, purity and quality are negatively affected if different types of wastepaper are mixed together [72]. Wastepaper often contains substances introduced in the collection and handling processes known as non-paper components, such as laminated covers, staples, cosmetic samples, and plastic wrapping. These components can be removed in limited amounts during recycling, but cost increases if they are present in high amounts. This highlights the importance of an efficient waste collection and handling stage [74].



The paper recycling process involves several steps, including repulping, deinking, and refining. Repulping involves separating the fibers of the wastepaper using water and chemicals. Deinking and refining are not absolutely necessary steps for paper recycling, but they greatly increase the strength and appearance of the final product [74]. Deinking improves the visual quality of the recycled paper but does not whiten unbleached fibers. Therefore, bleaching may be needed. Several methods of deinking are used, with the floatation method being the most common [74]. The quality of deinked pulp is determined by several factors, including the printing method, composition of the ink, and recycling method. Paper printed using xerographic and inkjet technology with water- and toner-based inks further increase the issues in recycling systems. Paper printed by flexographic and offset methods should not be treated together as both require different deinking mediums [76]. Finally, the deinked pulp is refined to prepare it for the papermaking process [77]. Cellulosic fibers undergo different changes when recycled. After several recycling processes, they have a significantly low bonding potential compared to virgin fibers. This loss of bonding can be mostly restored by refining, but eventually, the fiber length decreases, affecting the strength of the paper [78]. It is important to mention that the effects of recycling on mechanical and chemical pulp are different. The bonding potential of chemical pulp significantly reduces due to the repeated drying and rewetting processes during recycling, while mechanical pulp deteriorates less and demonstrates a slight improvement in bonding potential [59]. For example, a study showed that the tensile index of sheets prepared from chemical pulp decreased from 65 to 55 N.m/g after one cycle of recycling, while the tensile index of sheets prepared from mechanical pulp increased from 30 to 35 N.m/g after one cycle of recycling [79]. In terms of the available technologies for recycling, one of the leading technologies is in situ precipitated calcium carbonate (PCC), which utilizes the CO2 obtained from other industries with natural limestone to produce the calcium carbonate needed for paper production. This technology increases the strength and opacity of paper, reduces wastewater discharge, and saves energy, all of which result in lower manufacturing costs and minimal harm to the environment [73]. Another technology is dry paper recycling, which is used to recycle paper in offices without the need to export the wastepaper to a recycling facility. Dry paper recycling involves three main steps: separating the paper fibers by applying impact force, producing a sheet of paper with the collected fibers, and binding the fibers together using powdered binders and heat [80]. This technology reduces CO2 emissions by 22% and water consumption by 99%. However, power consumption and environmental burden are significantly high considering the use of cartridges containing bonding agents. Therefore, further improvements are required to enhance its greenness [81].



Recycled paper is used for various applications such as newspaper, envelopes, office and printing paper, cardboard, and insulation. The utilization of recycled fibers depends on the quality requirement of the end product [82,83,84]. Paper production cannot fully depend on recycled paper since fresh fibers are required to add strength to newly produced paper and improve paper quality since some wastepaper grades cannot be used to produce high-quality paper. For instance, newspapers are produced using a high percentage (80%) of recovered fibers and 20% of primary fibers, while printing paper and magazine paper use 100% primary fibers, which are chemically treated due to required whiteness and brightness [4]. Moreover, the availability of waste paper is an issue since some types of paper, such as sanitary paper and cigarette paper, disintegrate with use, which makes them unsuitable for recycling [85]. Furthermore, paper can be recycled up to seven times, after which the cellulose fibers are deemed unsuitable for paper production and are rejected [4]. Therefore, there is a strong need for routes other than recycling for the utilization of paper waste, which is discussed below.




4. Conversion of Paper Waste into Energy and High-Value Materials


One major approach towards sustainability is the conversion of waste into energy and value-added products, which has shown significant development recently. While minimizing linear economies, a sustainable circular economy should encourage the steps of take, make, use, reuse, and recycle, as opposed to a linear economy that follows take, make, use, dispose, and pollute [86]. Below are examples of how paper waste and rejects can be converted into energy and useful products, including biofuels, biohydrogen, biomethane, heat, nanocellulose, hydrochar, construction materials, and soil amendments.



4.1. Biofuels


Bioethanol is the only fuel so far that can be transported in liquid form and does not release greenhouse gases into the atmosphere when burned as the CO2 emitted is used up by plants in photosynthesis as long as the biofuel consumption rate is not more than the photosynthesis rate [87]. First-generation bioethanol is produced from sugar and starch, whereas second-generation bioethanol is produced from waste containing lignocellulose. Bioethanol production requires high amounts of cellulose, making paper waste a potential raw material [88]. The commercial production of bioethanol currently involves only first-generation product, which is produced by food crops such as sugarcane and corn as a feedstock. A major drawback of first-generation bioethanol is the usage of food crops for feedstock, which results in less available food and an increase in food prices. Bioethanol is currently the most produced biofuel globally, with the United States producing the majority of it [89]. To convert paper waste into bioethanol, cellulose and hemicellulose are hydrolyzed to simple sugars, either chemically or using enzymes. Enzymatic hydrolysis is used more commonly as it is more specific and milder [90]. The simple sugars are then converted into bioethanol by fermentation [91]. Most of the processes that are used currently for bioethanol production from biomass involve certain pretreatments before hydrolysis and fermentation. Pretreatments include the usage of acid, alkali, or other organic solvents, and choosing the correct pretreatment is crucial in bioethanol production as it affects the cellulose conversion rates and enzyme activity [87]. Pretreatment is essential to gain good yields of sugars from cellulose and hemicellulose, and it increases the digestibility of cellulosic biomass [92]. The chosen pretreatment should not degrade the sugars into enzyme activity inhibitors, use minimal energy, and require fewer chemicals. For example, pretreated paper sludge yields 90% or more sugar, whereas untreated sludge yields 20% or less [93]. The presence of barrier components such as lignin and the crystalline regions of cellulose decreases the effectivity of enzymes [92]. Newspaper and cardboard contain a high amount of barrier components, whereas hygiene paper and office paper have minimal amounts of them [94]. Using paper waste as a raw material for bioethanol production provides an alternate energy source and reduces the usage of fossil fuels, solving environmental issues such as global warming. It also solves issues related to biofuel production from biomass, such as land use, deforestation, threats to global food security, and the limited amount of available biomass [95]. It is, however, not as effective in fighting global warming as renewable energy sources such as solar and wind as it still emits greenhouse gases [96].



Paper waste has an advantage over other lignocellulose materials in bioethanol production as it does not require additional pretreatments since the majority of lignin is already removed in various paper manufacturing processes [97]. Moreover, the degradable nature of paper waste makes it suitable for bioethanol production. In addition to that, wastepaper is easily available at low costs and contains high levels of carbohydrates. Bioethanol production from wastepaper also provides an alternative to recycling since recycling has several limitations, such as additional energy usage in recycling processes and a limited number of recycling cycles [98]. The paper sludge from the papermaking process contains short-length fibers and has high amounts of lignocellulose and carbohydrates, which can also be used to produce bioethanol rather than incinerating or disposing of it. However, the presence of ash and calcium carbonate block the bioconversion of fibers as they increase the pH value of sludge, making it unsuitable for enzyme activity [99]. Treatments for calcium carbonate removal involve the usage of acids and produce CO2, causing environmental issues. To overcome this issue, simultaneous saccharification and fermentation (SSF) can be used to neutralize the calcium carbonate present in sludge without needing pretreatments [100].




4.2. Biohydrogen and Biogas


The biohydrogen produced from biomass waste is a renewable source of energy and does not have a negative environmental impact. It has the potential to overcome several environmental issues and the global energy demand [101]. A major barrier in biohydrogen production is the cost, as it has complications in terms of storage, compression, distribution networks, and lack of durable fuel technologies [102]. Hydrogen fuel cells are also costly to set up, delicate, and do not function for extended periods of time [103]. Thermochemical pulping (TMP) is a papermaking process by which wood fibers are treated using hot steam under pressure. TMP results in anaerobically-treated wastewater to produce biohydrogen in a process called dark fermentation (Figure 2) [85]. Dark fermentation is a temperature-sensitive process since a slight shift in temperature can significantly increase or decrease the hydrogen yield; hence, the temperature of wastewater has to be controlled efficiently [104]. A group of researchers used recirculated two-phased anaerobic digestion to produce biohydrogen and biomethane simultaneously from municipal solid waste, 50% of which was paper waste [105]. Anaerobic digestion of paper is one of the major waste management options since it is not economically burdening and offers environmental benefits, producing renewable energy in the form of biomethane. Food waste and paper waste can be digested anaerobically individually (mono-anaerobic digestion) or combined (co-digestion). Co-digestion provides a better yield of methane compared to mono-digestion. Thermophilic (50–60 °C) and mesophilic (30–40 °C) are the two temperature ranges of anaerobic digestion, with thermophilic being better due to high methane gas content, low hydrogen sulfide content, and high rate of organic matter degradation [106]. When waste is anaerobically digested, methane is obtained in a high percentage (50–70%), followed by carbon dioxide and other gases such as hydrogen. Cellulosic wastes generally do not produce high yields of biogases due to their poor biodegradability. To overcome this, paper waste can be co-digested with other organic wastes to increase gas flammability [107]. A study conducted by Priadi et al. (2014) showed that the anaerobic digestion of paper sludge seeded with cow manure produced a significantly high yield of methane (269 mL/g) compared to the anaerobic digestion of paper sludge alone (14.7 mL/g). The treatment of wastewater originating from the paper industry results in large quantities of paper sludge containing chlorinated organics, pathogens, and traces of heavy metals [108]. Wastewater from industrial and municipal sources can be treated by several different anaerobic reactors, such as an up-flow anaerobic filter, modified anaerobic baffled reactor (MABR), or up-flow anaerobic sludge blanket (UASB). UASB is the most commonly used anaerobic reactor for municipal and industrial wastewater treatment since it is stable and consumes energy efficiently. Using this reactor, wastewater containing organic matter released from papermaking or recycling industries can be used to produce biomethane [109].



Paper waste often undergoes pretreatments before anaerobic digestion to obtain a higher yield of biomethane [110]. Mechanical pretreatments such as shredding have shown no increase in biomethane production. Biological pretreatment, on the other hand, which consists of treating different types of paper waste with a thermophilic cellulose-degrading consortium, increases biomethane yield [111]. Moreover, biogas production is dependent on several different factors, such as the volatile solid content of the feedstock and the level of biological activity in the digester. Carbon and nitrogen balance in feeding material also affects biogas production, with the optimal carbon and nitrogen balance ratio being between 25:1 and 30:1. In addition, environmental factors, including temperature and pH, determine the obtained biogas yield [112]. Furthermore, variations in the pulp production procedures can alter methane production in anaerobic digesters. Primary pulp obtained from Kraft and sulfite pulping provides a high yield of methane when anaerobically digested due to the efficient removal of lignin from the pulp in papermaking processes. Another advantage of using these types of pulps is that methane production remains stable despite the shift in raw material or the pulp being in the bleached or unbleached form [113].




4.3. Heat by Incineration


Paper waste has three main disposal methods, landfilling, incineration, and composting. Landfilling is the most common disposal method among the three. The effectiveness of landfilling is severely reduced due to the extensive land usage, especially in countries such as China, which is one of the largest producers of solid waste globally [114]. Landfilling emits CH4 as solid waste decomposes anaerobically. Paper waste can be utilized as renewable energy for power generation and minimizes the greenhouse gas emissions released from landfilling [115]. In the past, landfilling sites were available in close proximity to urban areas, which limited the development and need for incineration facilities in countries such as Canada. In addition to that, waste incineration was believed to cause significant harm to human health and the environment by local communities [116]. Paper waste incineration produces heat, which can be utilized or further processed to produce electricity. Sometimes waste is incinerated solely for the purpose of disinfection and volume reduction [117]. Waste incineration involves the combustion of solid wastes, releasing gases and energy simultaneously. Incineration of waste can reduce volume by 90% and weight by 70%. While incineration recovers a high amount of energy, it also releases a lot of toxic pollutants such as heavy metals, CO2, and persistent organic pollutants into the environment [118]. Technologies for waste incineration are developing rapidly. China currently uses three waste incineration technologies, which are stroker grate, fluidized bed, and rotary kiln [114]. The majority of the European incineration plants use moving toward grate technology due to its advantages, such as not requiring shredding or pretreatment, over other incineration technologies, such as the rotary kiln or fluidized beds. However, stroker gate technology has high maintenance costs compared to other technologies. The main challenge in incineration plants is to maintain a constant temperature in the combustion chamber and constant energy output, as increased temperature could corrode or decrease the life of essential plant components [119]. Waste incineration can fulfill the energy demands of smaller states as energy from incineration can be used to generate electricity or power water treatment plants [120].



Among different waste disposal techniques, landfilling is the worst option due to land usage and the release of greenhouse gases. Incineration is considered a better option since much of the energy can be recycled by waste combustion [18]. Among recycling and incineration, the best choice is dependent on factors such as waste handling, loss of quality in paper reprocessing, and energy recovery efficiency. In most cases, incineration coupled with advanced technology is the preferred method of paper waste management [121]. In the past, greenhouse gases and heavy metals released by the incineration process were a major concern. This was solved by the introduction of flue gas treatment systems, which then caused a shift in focus to manage the solid residues of waste incineration [117]. Following the incineration of waste, bottom ash, fly ash, and boiler ash are collected in the form of residues, the majority of which is bottom ash. Bottom ash contains brick, ceramics, and unburned organic matter such as wood, plastic, and fibers [122]. Bottom ash is commonly disposed of in landfills, but it can be recycled to produce construction materials such as concrete and cement. However, due to the leaching of heavy metals and toxic compounds, the recycling or disposal of bottom ash is environmentally concerning [123].




4.4. Nanocellulose


Paper recycling results in the collection of shortened fibers in the form of recycled paper sludge, which is not suitable for paper production. While recycled paper sludge has been used to produce bioethanol, production is limited since bioethanol, in its final form, is a low-cost product [124]. Currently, sludge is disposed of through incineration and landfilling, posing environmental hazards. The conversion of paper sludge into high-value materials, such as cellulose nanoparticles, minimizes the issues related to paper waste disposal [125]. Among these nanoparticles, cellulose nanocrystals (CNCs) are crystalline nano-rods with a thickness of 3–10 nm and a length of a few hundred nanometers. They are usually extracted from pulp fibers using an acid-mediated procedure, which has already been industrialized. They can also be extracted directly from wood and lignocelluloses using a variety of reagents and processes [28,126,127]. Cellulose nanofibrils (CNFs), another form of cellulose nanoparticles, are semi-crystalline spaghetti-like nanoparticles with a thickness of 5–30 nm and a length of a few micrometers. They are usually produced by the mechanical fibrillation of pulp fibers using a wide range of techniques, including microfluidization and homogenization [128,129]. The dimensions and crystallinity of nanocellulose are dependent on its origin and the used method of extraction [130,131]. In addition to their high mechanical properties, biodegradability, and high surface area, CNCs and CNFs are famous for the possibility of modifying their surfaces through abundant hydroxyl groups [131,132,133,134]. Due to these interesting properties, CNCs and CNFs have shown great potential in a wide range of applications, including flexible electronics [135,136,137], energy harvesting materials [138], water treatment membranes [139], drug delivery systems [140,141,142], tissue engineering [143], biodegradable packaging [144,145], oil clean-up materials [146], and lightweight composites for automotive industries [147]. Nanocellulose is usually extracted from wood pulp and plant fibers. However, several methods have been developed to produce it from paper waste and rejects. The most commonly used acid to obtain CNCs by hydrolysis is sulfuric acid (H2SO4) due to its tendency to strongly isolate CNCs and disperse them as a stable colloid system by esterification of their surface hydroxyl groups. Reaction time, temperature, and acid concentration are the main factors that determine the properties of the CNCs [142]. Following acid hydrolysis, CNCs are washed with water to halt the reaction and are then recovered by centrifugation. Due to environmental concerns, acid hydrolysis cannot be implemented in a biorefinery scheme. To overcome this, other routes of obtaining nanocellulose, such as enzymatic hydrolysis, have surfaced. Cellulase is the most commonly used enzyme class for enzymatic hydrolysis due to its ability to attack cellulose fibers with high selectivity [129]. The main drawback of acid hydrolysis is harsh conditions, while enzymatic hydrolysis takes significantly more time. Therefore, subcritical water treatment has been explored because it does not require harsh conditions and an extended period of time [148]. The CNCs and CNFs extracted from paper waste can be used in the papermaking process. CNFs can be utilized as additives to promote adhesion between the fibers and to fill the voids in the paper, which could result in improved strength of the paper in its final form [149,150]. This is because nanocellulose has a large surface area due to its nano-size and many free hydroxyl groups, promoting hydrogen bonding and stronger structure formation [151]. The major issue with the extraction of CNCs and CNFs from paper waste is the calcium carbonate that exists in paper waste. It is expected that it interferes with the extraction process in terms of the formation of by-products and reduces nanocellulose yield and purity [24,152,153]. Still, CNCs and CNFs extracted from paper waste have been explored in a wide range of applications [131,152,154].




4.5. Hydrochar by Carbonization


Paper mill sludge has a high moisture content, which increases drying and transportation costs limiting its utilization. High moisture also attracts microorganisms, which digest the organic fraction of the sludge, resulting in the release of greenhouse gases into the environment [155]. The organic fraction of paper sludge is suitable for hydrothermal carbonization to produce carbon-based materials. Hydrothermal carbonization involves the conversion of wet biomass compounds to high carbon-containing solid products in sub-critical water conditions [156,157]. It usually takes place in a temperature range of 160 °C to 180 °C and self-generated pressure in the range of 1 to 3 MPa and results in a material similar to coal, known as hydrochar. Hydrochar has interesting properties, such as improved hydrophobicity and better dewatering properties compared to paper waste. When dried, its calorific value increases compared to the initial feedstock. Hydrochar can be utilized as solid fuel, low-cost adsorbent, catalyst, and contaminant remover [158,159]. Hydrochar resulting from paper mill sludge carbonization has lower ignition temperature and higher burn temperatures compared to bituminous coal [160]. Hydrothermal carbonization has advantages over other treatments of a similar nature, such as pyrolysis, since it does not require prior drying of feedstock due to water acting as a solvent, reactant, and catalyst [161]. During hydrothermal carbonization, the organic compounds of waste hydrolyze into monomers, which can be turned into hydrochar and organic acids by undergoing several reactions such as dehydration, decarboxylation, condensation, and polymerization [162]. Temperature is the most critical parameter in hydrothermal carbonization, but the type of biomass used also affects the chemical properties of produced hydrochar [163,164]. During hydrothermal carbonization, a fraction of carbon is lost as some of the organic material dissolves in the aqueous phase, and gas is produced in small quantities [165]. The waste undergoing hydrothermal carbonization requires minimal treatments such as dewatering and handling since hydrochar is sterilized during the process [166]. Hydrochar from paper waste can be subjected to a variety of modifications to widen the range of its applications [167,168]. The high ash content in feedstock reduces its suitability for hydrothermal conversion as it contributes to metal corrosion and operating complications in processing plants. In addition, the solid fuel produced by feedstock containing high ash content has low gross calorific value and possesses poor combustion properties. For example, sludge obtained from a primary clarifier at a paper mill is not suitable for hydrothermal carbonization due to the high ash content, whereas Kraft and recycling paper mill sludge has significantly lower ash content, increasing their preference for producing solid fuel [169,170].




4.6. Construction Materials


The increased importance of using environmentally friendly, low-cost, and lightweight materials in the construction industry has resulted in the implementation of waste materials in construction materials since it benefits the environment and maintains construction standards [25]. Therefore, cellulosic fibers obtained from natural sources such as plants are commonly explored for the production of construction materials. However, recycled fibers from paper waste or other sources have not been widely tested, as only a few studies have shown successful implementations of recycled fibers in cement-based composites. Products currently manufactured using recycled cellulosic fibers include plasterboard, insulation materials, and bricks [171]. Paper waste such as newspaper and cardboard can be mixed with cement to produce papercrete, which increases the bonding potential and strength of cement. The production of papercrete involves wastepaper soaked in water to soften the fibers and then added to cement to form blocks or used as mortar. However, there are no standard mixtures of papercrete, which makes it challenging to observe its properties from an engineering perspective. Papercrete production does not require excessive amounts of energy or release by-products that are harmful to the environment [172]. According to Akinwumi et al. (2014), papercrete produced from newspaper demonstrates significantly better structural qualities, such as compressive strength, compared to papercrete produced with office paper. Papercrete has high fire resistance but also absorbs more water. Therefore, it is not recommended to be used for outer walls or walls which are near the ground [173]. A study conducted by Sangrutsamee et al. (2018) investigated the usage of different types of re-pulped paper in cement composite production. Four types of re-pulped fibers obtained from newspaper, office paper, carton paper, and mixed papers were mixed with cement in different ratios, and properties such as compressive strength, bulk density, thermal conductivity, and water absorption were observed. Composites produced from re-pulped carton paper were found to be most effective as they were lightweight and had low thermal conductivity and density. However, they had the drawback of having low compressive strength and high water absorption [174]. A large fraction of inorganic substances in paper mill sludge makes it ideal for the production of several construction materials, such as bricks, cement, and insulation [90]. For example, cellulose fibers mixed with cement and some other additives produce fiber cement products that have high strength, durability, fire resistance, and good appearance. Fiber cement products are used in different construction applications, such as the production of floors, walls, and decorations [175]. The usage of cellulose fibers in construction materials such as cement composites has some drawbacks, such as low durability in alkaline or mineral-rich environments and degradation due to aging mechanisms (mainly alkaline hydrolysis and cell wall mineralization), affecting the reinforcing role of cellulose fibers when used as cement composites [171].



The construction industry consumes clay bricks in large amounts for buildings, and the improvement of these bricks, such as their thermal conductivity, can reduce heat loss through walls. Brickmaking involves the usage of pore-making additives, which help in producing bricks with low thermal conductivity and decreased density while saving clay material. Paper waste can be used as an additive in brickmaking to manufacture bricks, which are lightweight, porous, and have decent strength along with low thermal conductivity [176]. In a study conducted by Goel et al. (2021), paper mill sludge compost was used in brickmaking instead of paper mill sludge due to its low moisture content and ease of shredding. While this concept has not been used until now, this study provides guidelines that can be useful in the future to elevate the concept at a commercial level in brickmaking [177]. Recycled aggregated cement obtained from demolished buildings and paper mill sludge can be used together to produce a control low-strength material, which is not considered concrete or cement but is suitable for backfilling and has certain advantages such as quicker construction time and reduced dependency on equipment due to its self-leveling properties [178].



The incineration of paper waste and paper sludge results in two different types of residues, which are bottom ash and fly ash. Fly ash accounts for less than one-quarter of all residues and contains toxic substances. Bottom ash, however, contains fewer toxic substances in comparison to fly ash and, due to its large solid particles, is suitable for usage in construction. Bottom ash has been previously used as a road filler and for cement production, but it presents a major drawback since it releases heavy metals into the environment [179]. Paper sludge ash can also be used as a clay stabilizer, which was previously done using commercially produced limes or cement. It does not require any energy for production and provides several economic and environmental benefits [180].




4.7. Soil Amendment by Composting


The manufacturing of commercial chemical fertilizers consumes large amounts of resources and degrades the environment due to mineral extraction and calcination [181]. Being an active organic material, paper mill sludge can be potentially beneficial for crops as a source of nutrition [182]. The utilization of paper mill sludge on tropical acidic soils decreases its acidity by neutralizing the soil and increases organic matter and essential nutrients [55]. However, spreading paper mill sludge on agricultural land is challenging, and the impact of physical and chemical properties of organic residues must be tested on soil fertility and site quality. Moreover, paper sludge has high carbon-to-nitrogen ratios and BOD, which causes short-term nitrogen sequestration. In addition, paper sludge is difficult to handle, transport, store, and control the odors released from it. Composting paper sludge minimizes these issues [183]. Composting occurs by mixing the waste with the microorganisms that are naturally found in the soil, such as bacteria, fungi, and protozoa. The microorganisms convert the waste into biologically stable humic substances, which constitute the resultant compost. It is the most advantageous disposal method since it returns the macro and micronutrients back into the ecosystem [184]. Ahmed et al. (2018) studied the biodegradation of different types of papers when composted. Newspaper with ink took the longest (21 days) to degrade when buried in soil, followed by newspaper without ink (18 days). Glossy paper and recycled paper fully degraded the quickest among all four, as they took 14 and 16 days, respectively. The advantages of using paper as compost include the absorption of free water from food materials, reducing odors, and providing a source of carbon, which benefits soils lacking organic matter [185]. Composting paper mill sludge enhances its quality due to the practical physical properties it possesses. Paper sludge compost increases plant growth, and sludge containing calcium carbonate is used to lime soils with lower pH and also provides a source of Zn to marginal soils [186,187]. It is also easily stored without requiring large volumes as compared to raw paper mill sludge. However, the use of paper mill sludge as compost is still not widely welcomed in the agricultural field due to the heavy metals present in paper mill sludge, which can potentially leach into the soil, posing a health hazard [177]. However, a study conducted by Rosazlin et al. (2011) on a compost of recycled paper mill sludge mixed with empty fruit bunches showed that the compost displayed advantageous properties such as no toxicity on plants, 100% seed germination, and high nutrient content. Additionally, the heavy metal concentration in the compost was also within limits [188].



Overall, and as summarized in Figure 3, there are different possible routes for the utilization of paper waste to return its value to the economy and reduce its environmental impact. It is important to mention that some of these routes are also used for the utilization of other kinds of waste, such as electronic waste [189,190]. The greenness and efficiency of the conversion of paper waste into energy are significantly dependent on the form of energy (biofuel, biogas, hydrochar, or heat), the conversion method (SSF, carbonization, anaerobic digestion, or incineration), and the used processing conditions (temperature and others). In terms of the conversion of paper waste into high-value materials such as nanocellulose and soil amendments, the methods vary significantly in terms of efficiency and greenness as they can be chemical, biological, or physical, operating at different severities. In the literature, the comparison in terms of greenhouse gas emissions has mostly focused on the incineration, anaerobic digestion, and composting of different waste streams, including municipal solid waste, food waste, sewage sludge, and others [191,192,193]. The literature, in general, considers composting to generate less CO2 emission. Anaerobic digestion comes second, followed by incineration. For example, one study estimated that the greenhouse gas emissions caused by composting municipal solid waste could be around 100 kg CO2−eq/ton waste, compared to around 125 kg CO2−eq/ton waste using anaerobic digestion, and around 1380 kg CO2−eq/ton waste using incineration [194]. These three methods, indeed, are still better options than waste landfilling [195]. In terms of cost and operation, composting is also the cheaper option and the easier to establish and manage [192]. However, several studies have highlighted that the use of an integrated waste management system combining the different methods is the right option to recover the maximum material and energy potential of waste [195].





5. Conclusions


The pulp and paper industry (PPI) uses massive amounts of natural resources and pollutes the environment, which has raised major concerns, for instance, regarding deforestation. Additionally, the PPI discharges wastewater that can pollute water bodies. Furthermore, the waste produced by this industry includes paper waste and sludge, which require proper management. These wastes are usually burnt or dumped in landfills, which causes a variety of health and environmental issues. Therefore, the recovery aspect of sustainable waste management is of great importance, which is based on a hierarchy of prevention, reuse, recycling, recovery, and disposal. After prevention and reuse, paper recycling is crucial, which significantly lowers greenhouse gas emissions because fewer trees are cut down, and it also lowers manufacturing costs. Paper can be recycled up to seven times, after which the cellulose fibers are considered unsuitable.



The other possible sustainable ways to deal with paper waste emphasized in this review are based on the concept of converting paper waste into energy and high-value materials. Under this concept, biofuel production is possible, as paper is an important source of sugars that can be fermented to bioethanol—an alternate energy source. Other than biofuel production, biohydrogen and biomethane can be produced from paper waste as sources of energy. Heat and electricity can also be generated from the incineration of paper waste. Paper waste and sludge can also be converted into high-value materials minimizing the issues related to paper waste disposal. Paper waste can be used as raw materials for the production of cellulose nanoparticles, which have very advantageous properties and applications. Paper sludge also contains organic fractions that are suitable for hydrothermal carbonization. This process involves the conversion of wet biomass into a high carbon-containing solid product known as hydrochar, which can be used as a solid fuel, low-cost adsorbent, catalyst, and contaminant remover. Another sustainable use of paper waste and sludge is the production of construction materials such as insulation materials, plasterboard, and bricks. The large fraction of inorganic substances in paper mill sludge makes it ideal for the production of construction materials. Finally, paper waste and sludge can be composted for the production of soil amendments, which can decrease soil acidity, increase its organic matter, and provide essential nutrients. The composting of paper sludge or waste that is rich in organic matter can be the most useful disposal method, as this process can return the micro- and macronutrients back to the environment. Overall, the aforementioned processes and possibilities toward the sustainable management of paper waste and sludge have both pros and cons. Therefore, future research should focus on the optimization of the available paper waste utilization processes and on the development of new conversion technologies in order to improve the environmental sustainability of the pulp and paper industry.







Author Contributions


Conceptualization, H.A., M.A.M., S.T.G. and J.M.; formal analysis, H.A., M.A.M., S.T.G. and J.M; investigation, H.A., M.A.M., S.T.G. and J.M.; writing—original draft preparation, H.A., M.A.M., S.T.G. and J.M.; writing—review and editing, H.A., M.A.M., S.T.G. and J.M.; supervision, H.A. and J.M.; project administration, H.A. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded through an internal grant offered by Abu Dhabi University to Dr. Hatem Abushammala (PI) and Dr. Jia Mao (Co-PI) and an external grant offered by Mubadala to Dr. Hatem Abushammala (PI).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Bajpai, P. Biermann’s Handbook of Pulp and Paper: Raw Material and Pulp Making; Elsevier: Amsterdam, The Netherlands, 2018; Volume 1. [Google Scholar]

	



Latha, A.; Arivukarasi, M.; Keerthana, C.; Subashri, R.; Vishnu Priya, V. Paper and Pulp Industry Manufacturing and Treatment Processes—A Review. Int. J. Eng. Res. Technol 2018, 6, IJERTCON011. [Google Scholar] [CrossRef]

	



Deshwal, G.K.; Panjagari, N.R.; Alam, T. An overview of paper and paper based food packaging materials: Health safety and environmental concerns. J. Food Sci. Technol. 2019, 56, 4391–4403. [Google Scholar] [CrossRef]

	



Ozola, Z.U.; Vesere, R.; Kalnins, S.N.; Blumberga, D. Paper waste recycling. circular economy aspects. Rigas Teh. Univ. Zinat. Raksti 2019, 23, 260–273. [Google Scholar]

	



Asrat, T.H.; Bachheti, R.K.; Getachew, M.; Abate, L. Evaluation of pulp and paper making properties of Caesalpinia decapetela. Nord. Pulp Pap. Res. J. 2022, 37, 14–24. [Google Scholar] [CrossRef]

	



Ezeudu, O.B.; Agunwamba, J.C.; Ezeasor, I.C.; Madu, C.N. Sustainable production and consumption of paper and paper products in Nigeria: A review. Resources 2019, 8, 53. [Google Scholar] [CrossRef]

	



Izadi, A.; Hosseini, M.; Najafpour Darzi, G.; Nabi Bidhendi, G.; Pajoum Shariati, F. Treatment of paper-recycling wastewater by electrocoagulation using aluminum and iron electrodes. J. Environ. Health Sci. Eng. 2018, 16, 257–264. [Google Scholar] [CrossRef]

	



Sharma, P.; Iqbal, H.M.N.; Chandra, R. Evaluation of pollution parameters and toxic elements in wastewater of pulp and paper industries in India: A case study. Case Stud. Chem. Environ. Eng. 2022, 5, 100163. [Google Scholar] [CrossRef]

	



Rizaluddin, A.T. Review on renewable energy sources based on thermal conversion in the pulp and paper industry. In Proceedings of the SATREPS Conference, Bogor, Indonesia, 17 November 2020. [Google Scholar]

	



Simão, L.; Hotza, D.; Raupp-Pereira, F.; Labrincha, J.; Montedo, O. Wastes from pulp and paper mills-a review of generation and recycling alternatives. Cerâmica 2018, 64, 443–453. [Google Scholar] [CrossRef]

	



Tait, P.W.; Brew, J.; Che, A.; Costanzo, A.; Danyluk, A.; Davis, M.; Khalaf, A.; McMahon, K.; Watson, A.; Rowcliff, K. The health impacts of waste incineration: A systematic review. Aust. N. Z. J. Public Health 2020, 44, 40–48. [Google Scholar] [CrossRef]

	



Abushammala, H.; Ghulam, S.T. Impact of Residents’ Demographics on Their Knowledge, Attitudes, and Practices towards Waste Management at the Household Level in the United Arab Emirates. Sustainability 2023, 15, 685. [Google Scholar] [CrossRef]

	



Dori, Y.J.; Tal, R.T. Formal and informal collaborative projects: Engaging in industry with environmental awareness. Sci. Educ. 2000, 84, 95–113. [Google Scholar] [CrossRef]

	



Pawar, K.; Rothkar, R.V. Forest conservation & environmental awareness. Procedia Earth Planet. Sci. 2015, 11, 212–215. [Google Scholar]

	



Miranda Carreño, R.; Blanco Suárez, Á. Environmental awareness and paper recycling. Cellul. Chem. Technol. 2010, 44, 431–449. [Google Scholar]

	



Abushammala, H.; Mao, J. Waste Iron Filings to Improve the Mechanical and Electrical Properties of Glass Fiber-Reinforced Epoxy (GFRE) Composites. J. Compos. Sci. 2023, 7, 90. [Google Scholar] [CrossRef]

	



Souza, A.G.d.; Kano, F.S.; Bonvent, J.J.; Rosa, D.d.S. Cellulose nanostructures obtained from waste paper industry: A comparison of acid and mechanical isolation methods. Mater. Res. 2017, 20, 209–214. [Google Scholar] [CrossRef]

	



Cherubini, F.; Bargigli, S.; Ulgiati, S. Life cycle assessment (LCA) of waste management strategies: Landfilling, sorting plant and incineration. Energy 2009, 34, 2116–2123. [Google Scholar] [CrossRef]

	



Dominczyk, A.; Krzystek, L.; Ledakowicz, S. Biodrying of organic municipal wastes and residues from the pulp and paper industry. Dry. Technol. 2014, 32, 1297–1303. [Google Scholar] [CrossRef]

	



Zhang, D.; Huang, G.; Xu, Y.; Gong, Q. Waste-to-energy in China: Key challenges and opportunities. Energies 2015, 8, 14182–14196. [Google Scholar] [CrossRef]

	



Finnveden, G.; Ekvall, T. Life-cycle assessment as a decision-support tool—The case of recycling versus incineration of paper. Resour. Conserv. Recycl. 1998, 24, 235–256. [Google Scholar] [CrossRef]

	



Rahman, M.O.; Hussain, A.; Basri, H. A critical review on waste paper sorting techniques. Int. J. Environ. Sci. Technol. 2014, 11, 551–564. [Google Scholar] [CrossRef]

	



Pivnenko, K.; Eriksson, E.; Astrup, T.F. Waste paper for recycling: Overview and identification of potentially critical substances. Waste Manag. 2015, 45, 134–142. [Google Scholar] [CrossRef]

	



Kumar, V.; Pathak, P.; Bhardwaj, N.K. Waste paper: An underutilized but promising source for nanocellulose mining. Waste Manag. 2020, 102, 281–303. [Google Scholar] [CrossRef]

	



Shakir, A.A.; Naganathan, S.; Mustapha, K.N.B. Development of bricks from waste material: A review paper. Aust. J. Basic Appl. Sci. 2013, 7, 812–818. [Google Scholar]

	



Clark, T. Plant fibers in the paper industry. Econ. Bot. 1965, 19, 394–405. [Google Scholar] [CrossRef]

	



Heinze, T. Cellulose: Structure and Properties. In Cellulose Chemistry and Properties: Fibers, Nanocelluloses and Advanced Materials; Rojas, O.J., Ed.; Springer International Publishing: Cham, Switzerland, 2016; pp. 1–52. [Google Scholar] [CrossRef]

	



Chen, C.; Kuang, Y.; Zhu, S.; Burgert, I.; Keplinger, T.; Gong, A.; Li, T.; Berglund, L.; Eichhorn, S.J.; Hu, L. Structure–property–function relationships of natural and engineered wood. Nat. Rev. Mater. 2020, 5, 642–666. [Google Scholar] [CrossRef]

	



Demuner, I.F.; Gomes, F.J.B.; Gomes, J.S.; Coura, M.R.; Borges, F.P.; Carvalho, A.M.M.L.; Silva, C.M. Improving kraft pulp mill sustainability by lignosulfonates production from processes residues. J. Clean. Prod. 2021, 317, 128286. [Google Scholar] [CrossRef]

	



Pérez, J.; Muñoz-Dorado, J.; de la Rubia, T.; Martínez, J. Biodegradation and biological treatments of cellulose, hemicellulose and lignin: An overview. Int. Microbiol. 2002, 5, 53–63. [Google Scholar] [CrossRef]

	



Yang, X.; Berthold, F.; Berglund, L.A. Preserving Cellulose Structure: Delignified Wood Fibers for Paper Structures of High Strength and Transparency. Biomacromolecules 2018, 19, 3020–3029. [Google Scholar] [CrossRef]

	



Laftah, W.A.; Wan Abdul Rahman, W.A. Pulping process and the potential of using non-wood pineapple leaves fiber for pulp and paper production: A review. J. Nat. Fibers 2016, 13, 85–102. [Google Scholar] [CrossRef]

	



Małachowska, E.; Dubowik, M.; Lipkiewicz, A.; Przybysz, K.; Przybysz, P. Analysis of cellulose pulp characteristics and processing parameters for efficient paper production. Sustainability 2020, 12, 7219. [Google Scholar] [CrossRef]

	



Rullifank, K.F.; Roefinal, M.E.; Kostanti, M.; Sartika, L.; Evelyn. Pulp and paper industry: An overview on pulping technologies, factors, and challenges. IOP Conf. Ser. Mater. Sci. Eng. 2020, 845, 012005. [Google Scholar] [CrossRef]

	



Mao, J.; Heck, B.; Abushammala, H.; Reiter, G.; Laborie, M.-P. A structural fibrillation parameter from small angle X-ray scattering to quantify pulp refining. Cellulose 2019, 26, 4265–4277. [Google Scholar] [CrossRef]

	



Das, T.K.; Houtman, C. Evaluating chemical-, mechanical-, and bio-pulping processes and their sustainability characterization using life-cycle assessment. Environ. Prog. 2004, 23, 347–357. [Google Scholar] [CrossRef]

	



Mboowa, D. A review of the traditional pulping methods and the recent improvements in the pulping processes. Biomass Conv. Bioref. 2021. [Google Scholar] [CrossRef]

	



M’hamdi, A.I.; Kandri, N.I.; Zerouale, A.; Blumberga, D.; Gusca, J. Life cycle assessment of paper production from treated wood. Energy Procedia 2017, 128, 461–468. [Google Scholar] [CrossRef]

	



Jiménez, L.; Angulo, V.; Ramos, E.; De la Torre, M.J.; Ferrer, J.L. Comparison of various pulping processes for producing pulp from vine shoots. Ind. Crops Prod. 2006, 23, 122–130. [Google Scholar] [CrossRef]

	



Iglesias, M.C.; Gomez-Maldonado, D.; Via, B.K.; Jiang, Z.; Peresin, M.S. Pulping processes and their effects on cellulose fibers and nanofibrillated cellulose properties: A review. For. Prod. J. 2020, 70, 10–21. [Google Scholar] [CrossRef]

	



Aguayo, M.G.; Fernández Pérez, A.; Reyes, G.; Oviedo, C.; Gacitúa, W.; Gonzalez, R.; Uyarte, O. Isolation and characterization of cellulose nanocrystals from rejected fibers originated in the kraft pulping process. Polymers 2018, 10, 1145. [Google Scholar] [CrossRef] [PubMed]

	



Suess, H.U. Pulp Bleaching Today; De Gruyter: Berlin, Germany; New York, NY, USA, 2010. [Google Scholar] [CrossRef]

	



Haile, A.; Gelebo, G.G.; Tesfaye, T.; Mengie, W.; Mebrate, M.A.; Abuhay, A.; Limeneh, D.Y. Pulp and paper mill wastes: Utilizations and prospects for high value-added biomaterials. Bioresour. Bioprocess. 2021, 8, 35. [Google Scholar] [CrossRef]

	



Chauhan, S.; Meena, B.L. Introduction to pulp and paper industry: Global scenario. Phys. Sci. Rev. 2021, 6, 81–109. [Google Scholar] [CrossRef]

	



Han, N.; Zhang, J.; Hoang, M.; Gray, S.; Xie, Z. A review of process and wastewater reuse in the recycled paper industry. Environ. Technol. Innov. 2021, 24, 101860. [Google Scholar] [CrossRef]

	



Sharma, N.; Bhardwaj, N.K.; Singh, R.B.P. Environmental issues of pulp bleaching and prospects of peracetic acid pulp bleaching: A review. J. Clean. Prod. 2020, 256, 120338. [Google Scholar] [CrossRef]

	



Brandt, A.; Gräsvik, J.; Hallett, J.P.; Welton, T. Deconstruction of lignocellulosic biomass with ionic liquids. Green Chem. 2013, 15, 550–583. [Google Scholar] [CrossRef]

	



Mao, J.; Abushammala, H.; Pereira, L.B.; Laborie, M.-P. Swelling and hydrolysis kinetics of Kraft pulp fibers in aqueous 1-butyl-3-methylimidazolium hydrogen sulfate solutions. Carbohydr. Polym. 2016, 153, 284–291. [Google Scholar] [CrossRef]

	



Abushammala, H.; Hettegger, H.; Bacher, M.; Korntner, P.; Potthast, A.; Rosenau, T.; Laborie, M.-P. On the mechanism of the unwanted acetylation of polysaccharides by 1,3-dialkylimidazolium acetate ionic liquids: Part 2—The impact of lignin on the kinetics of cellulose acetylation. Cellulose 2017, 24, 2767–2774. [Google Scholar] [CrossRef]

	



Abushammala, H. Nano-Brushes of Alcohols Grafted onto Cellulose Nanocrystals for Reinforcing Poly(Butylene Succinate): Impact of Alcohol Chain Length on Interfacial Adhesion. Polymers 2020, 12, 95. [Google Scholar] [CrossRef] [PubMed]

	



Roselli, A.; Hummel, M.; Monshizadeh, A.; Maloney, T.; Sixta, H. Ionic liquid extraction method for upgrading eucalyptus kraft pulp to high purity dissolving pulp. Cellulose 2014, 21, 3655–3666. [Google Scholar] [CrossRef]

	



Zhao, L.J.; Zhang, Y.F.; Hong, J.F.; Tu, W.W. Papermaking Wastewater Treatment—A Brief Review. Adv. Mater. Res. 2014, 926–930, 4276–4279. [Google Scholar] [CrossRef]

	



Priya, A. Environmental Impact Assessment in Pulp and Paper Industry. J. Ecophysiol. Occup. Health 2017, 17, 1–3. [Google Scholar]

	



Mavroulidou, M.; Hassan, S.; Gray, C.; Gunn, M.; Youssef, A.; Garelick, J. Geotechnical properties of paper recycling waste streams. In Proceedings of the ECSMGE 2019–XVII European Conference on Soil Mechanics and Geotechnical Engineering, Reykjavik, Iceland, 1–6 September 2019. [Google Scholar]

	



Abdullah, R.; Ishak, C.F.; Kadir, W.R.; Bakar, R.A. Characterization and feasibility assessment of recycled paper mill sludges for land application in relation to the environment. Int. J. Environ. Res. Public Health 2015, 12, 9314–9329. [Google Scholar] [CrossRef]

	



Steffen, F.; Janzon, R.; Wenig, F.; Saake, B. Valorization of waste streams from deinked pulp mills through anaerobic digestion of deinking sludge. BioResources 2017, 12, 4547–4566. [Google Scholar] [CrossRef]

	



Rigol, A.; Latorre, A.; Lacorte, S.; Barceló, D. Determination of toxic compounds in paper-recycling process waters by gas chromatography–mass spectrometry and liquid chromatography–mass spectrometry. J. Chromatogr. A 2002, 963, 265–275. [Google Scholar] [CrossRef]

	



van Ewijk, S.; Stegemann, J.A.; Ekins, P. Limited climate benefits of global recycling of pulp and paper. Nat. Sustain. 2021, 4, 180–187. [Google Scholar] [CrossRef]

	



Čabalová, I.; Kačík, F.; Geffert, A.; Kačíková, D. The Effects of Paper Recycling and Its Environmental Impact; InTech: Rijeka, Croatia, 2011; Volume 17. [Google Scholar]

	



Bajpai, P. Recycling and Deinking of Recovered Paper; Elsevier: Amsterdam, The Netherlands, 2013. [Google Scholar]

	



Grée, G.C.H.D.d.l.; Yu, Q.L.; Brouwers, H.J.H. Upgrading and Evaluation of Waste Paper Sludge Ash in Eco-Lightweight Cement Composites. J. Mater. Civ. Eng. 2018, 30, 04018021. [Google Scholar] [CrossRef]

	



Kissinger, M.; Fix, J.; Rees, W.E. Wood and non-wood pulp production: Comparative ecological footprinting on the Canadian prairies. Ecol. Econ. 2007, 62, 552–558. [Google Scholar] [CrossRef]

	



Laftah, W.A.; Rahaman, W.A.W.A. Chemical pulping of waste pineapple leaves fiber for kraft paper production. J. Mater. Res. Technol. 2015, 4, 254–261. [Google Scholar] [CrossRef]

	



El-Sayed, E.S.A.; El-Sakhawy, M.; El-Sakhawy, M.A.-M. Non-wood fibers as raw material for pulp and paper industry. Nord. Pulp Pap. Res. J. 2020, 35, 215–230. [Google Scholar] [CrossRef]

	



Suseno, N.; Adiarto, T.; Sifra, M.; Elvira, V. Utilization of rice straw and used paper for the recycle papermaking. IOP Conf. Ser. Mater. Sci. Eng. 2019, 703, 012044. [Google Scholar] [CrossRef]

	



Eugenio, M.E.; Ibarra, D.; Martín-Sampedro, R.; Espinosa, E.; Bascón, I.; Rodríguez, A. Alternative raw materials for pulp and paper production in the concept of a lignocellulosic biorefinery. Cellulose 2019, 12, 78. [Google Scholar]

	



Tutuş, A.; Kazaskeroğlu, Y.; Çiçekler, M. Evaluation of tea wastes in usage pulp and paper production. BioResources 2015, 10, 5407–5416. [Google Scholar] [CrossRef]

	



Othman, S.A.; Mahazir, N.S. Production of Paper From Non-Wood: A Review. Int. J. Adv. Res. Eng. Innov. 2021, 3, 103–110. [Google Scholar]

	



Gemechu, E.D.; Butnar, I.; Gomà-Camps, J.; Pons, A.; Castells, F. A comparison of the GHG emissions caused by manufacturing tissue paper from virgin pulp or recycled waste paper. Int. J. Life Cycle Assess. 2013, 18, 1618–1628. [Google Scholar] [CrossRef]

	



Berglund, C.; Söderholm, P. An Econometric Analysis of Global Waste Paper Recovery and Utilization. Environ. Resour. Econ. 2003, 26, 429–456. [Google Scholar] [CrossRef]

	



Sevigné-Itoiz, E.; Gasol, C.M.; Rieradevall, J.; Gabarrell, X. Methodology of supporting decision-making of waste management with material flow analysis (MFA) and consequential life cycle assessment (CLCA): Case study of waste paper recycling. J. Clean. Prod. 2015, 105, 253–262. [Google Scholar] [CrossRef]

	



Misman, M.; Alwi, S.W.; Manan, Z.A. State-of-the-art for paper recycling. In Proceedings of the International Conference on Science and Technology (ICSTIE), George Town, Malaysia, 17–18 September 2014; pp. 1–5. [Google Scholar]

	



Vu, H.H.T.; Lai, T.Q.; Ahn, J.W. Appropriate technology for the paper recycling: A new paradigm. J. Energy Eng. 2018, 27, 81–88. [Google Scholar]

	



Faul, A.M. Quality requirements in graphic paper recycling. Cellul. Chem. Technol. 2010, 44, 451. [Google Scholar]

	



Ervasti, I.; Miranda, R.; Kauranen, I. A global, comprehensive review of literature related to paper recycling: A pressing need for a uniform system of terms and definitions. Waste Manag. 2016, 48, 64–71. [Google Scholar] [CrossRef]

	



Dumea, N.; Lado, Z.; Poppel, E. Differences in the recycling behaviour of paper printed by various techniques. Cellul. Chem. Technol. 2009, 43, 57. [Google Scholar]

	



Fricker, A.; Thompson, R.; Manning, A. Novel solutions to new problems in paper deinking. Pigment. Resin Technol. 2007, 36, 141–152. [Google Scholar] [CrossRef]

	



Hubbe, M.A.; Venditti, R.A.; Rojas, O.J. What happens to cellulosic fibers during papermaking and recycling? A review. BioResources 2007, 2, 739–788. [Google Scholar]

	



Jin, H.; Kose, R.; Akada, N.; Okayama, T. Relationship between wettability of pulp fibers and tensile strength of paper during recycling. Sci. Rep. 2022, 12, 1560. [Google Scholar] [CrossRef]

	



Nakamura, M. Development of The Dry Paper Recycling Technology which Realizes a New Ofice Papermaking System. Jpn. Tappi J. 2018, 72, 786–792. [Google Scholar] [CrossRef]

	



Ono, Y.; Hayashi, M.; Yokoyama, K.; Okamura, T.; Itsubo, N. Environmental assessment of innovative paper recycling technology using product lifecycle perspectives. Resources 2020, 9, 23. [Google Scholar] [CrossRef]

	



Chang, J.C.; Beach, R.H.; Olivetti, E.A. Consequential effects of increased use of recycled fiber in the United States pulp and paper industry. J. Clean. Prod. 2019, 241, 118133. [Google Scholar] [CrossRef]

	



Buist, H.; van Harmelen, T.; van den Berg, C.; Leeman, W.; Meima, M.; Krul, L. Evaluation of measures to mitigate mineral oil migration from recycled paper in food packaging. Packag. Technol. Sci. 2020, 33, 531–546. [Google Scholar] [CrossRef]

	



Peretz, R.; Mamane, H.; Wissotzky, E.; Sterenzon, E.; Gerchman, Y. Making Cardboard and Paper Recycling More Sustainable: Recycled Paper Sludge For Energy Production and Water-Treatment Applications. Waste Biomass Valoriz. 2021, 12, 1599–1608. [Google Scholar] [CrossRef]

	



Dessì, P.; Porca, E.; Lakaniemi, A.-M.; Collins, G.; Lens, P.N. Temperature control as key factor for optimal biohydrogen production from thermomechanical pulping wastewater. Biochem. Eng. J. 2018, 137, 214–221. [Google Scholar] [CrossRef]

	



Kalair, A.R.; Seyedmahmoudian, M.; Stojcevski, A.; Abas, N.; Khan, N. Waste to energy conversion for a sustainable future. Heliyon 2021, 7, e08155. [Google Scholar] [CrossRef]

	



Saeed, O.F.; Muallah, S. Treatment of Waste Paper Using Ultrasound and Sodium Hydroxide for Bioethanol Production. J. Biotechnol. Res. Cent. 2018, 12, 108–114. [Google Scholar] [CrossRef]

	



Darmawan, M.A.; Hermawan, Y.A.; Samsuri, M.; Gozan, M. Conversion of paper waste to bioethanol using selected enzyme combination (cellulase and cellobiase) through simultaneous saccharification and fermentation. AIP Conf. Proc. 2019, 2085, 020018. [Google Scholar]

	



Branco, R.H.; Serafim, L.S.; Xavier, A.M. Second generation bioethanol production: On the use of pulp and paper industry wastes as feedstock. Fermentation 2018, 5, 4. [Google Scholar] [CrossRef]

	



Duncan, S.M.; Alkasrawi, M.; Gurram, R.; Almomani, F.; Wiberley-Bradford, A.E.; Singsaas, E. Paper mill sludge as a source of sugars for use in the production of bioethanol and isoprene. Energies 2020, 13, 4662. [Google Scholar] [CrossRef]

	



Wan, X.; Liu, J.; Zhang, Y.; Tian, D.; Liu, Y.; Zhao, L.; Huang, M.; Hu, J.; Shen, F. Conversion of agricultural and forestry biomass into bioethanol, water-soluble polysaccharides, and lignin nanoparticles by an integrated phosphoric acid plus hydrogen peroxide process. Ind. Crops Prod. 2023, 191, 115969. [Google Scholar] [CrossRef]

	



Abushammala, H.; Hashaikeh, R. Enzymatic hydrolysis of cellulose and the use of TiO2 nanoparticles to open up the cellulose structure. Biomass Bioenergy 2011, 35, 3970–3975. [Google Scholar] [CrossRef]

	



Mendes, C.t.V.; Rocha, J.M.; Carvalho, M.G.A.V. Valorization of residual streams from pulp and paper mills: Pretreatment and bioconversion of primary sludge to bioethanol. Ind. Eng. Chem. Res. 2014, 53, 19398–19404. [Google Scholar] [CrossRef]

	



Ioelovich, M. Waste paper as promising feedstock for production of biofuel. J. Sci. Res. Rep 2014, 3, 905–917. [Google Scholar] [CrossRef] [PubMed]

	



Shi, A.Z.; Koh, L.P.; Tan, H.T. The biofuel potential of municipal solid waste. Gcb Bioenergy 2009, 1, 317–320. [Google Scholar] [CrossRef]

	



Khan, M.A.H.; Bonifacio, S.; Clowes, J.; Foulds, A.; Holland, R.; Matthews, J.C.; Percival, C.J.; Shallcross, D.E. Investigation of biofuel as a potential renewable energy source. Atmosphere 2021, 12, 1289. [Google Scholar] [CrossRef]

	



Prasetyo, J.; Naruse, K.; Kato, T.; Boonchird, C.; Harashima, S.; Park, E.Y. Bioconversion of paper sludge to biofuel by simultaneous saccharification and fermentation using a cellulase of paper sludge origin and thermotolerant Saccharomyces cerevisiaeTJ14. Biotechnol. Biofuels 2011, 4, 35. [Google Scholar] [CrossRef]

	



Wang, L.; Sharifzadeh, M.; Templer, R.; Murphy, R.J. Bioethanol production from various waste papers: Economic feasibility and sensitivity analysis. Appl. Energy 2013, 111, 1172–1182. [Google Scholar] [CrossRef]

	



Park, H.; Cruz, D.; Tiller, P.; Johnson, D.K.; Mittal, A.; Jameel, H.; Venditti, R.; Park, S. Effect of ash in paper sludge on enzymatic hydrolysis. Biomass Bioenergy 2022, 165, 106567. [Google Scholar] [CrossRef]

	



Mendes, C.V.; Cruz, C.H.; Reis, D.F.; Carvalho, M.G.V.; Rocha, J.M. Integrated bioconversion of pulp and paper primary sludge to second generation bioethanol using Saccharomyces cerevisiae ATCC 26602. Bioresour. Technol. 2016, 220, 161–167. [Google Scholar] [CrossRef] [PubMed]

	



Hren, R.; Vujanović, A.; Van Fan, Y.; Klemeš, J.J.; Krajnc, D.; Čuček, L. Hydrogen production, storage and transport for renewable energy and chemicals: An environmental footprint assessment. Renew. Sustain. Energy Rev. 2023, 173, 113113. [Google Scholar] [CrossRef]

	



Zhu, M.-J.; Lin, H.-N. Biohydrogen production from waste biomass. Trends Renew. Energy 2016, 2, 54–55. [Google Scholar] [CrossRef]

	



Baloch, M.Y.J.; Talpur, S.A.; Iqbal, J.; Munir, M.; Bajwa, K.; Baidya, P.; Talpur, H.A. Review Paper Process Design for Biohydrogen Production from Waste Materials and Its Application. Sustain. Environ. 2022, 7, 2022. [Google Scholar]

	



Rogeri, R.C.; Fuess, L.T.; Eng, F.; do Vale Borges, A.; de Araujo, M.N.; Damianovic, M.H.R.Z.; da Silva, A.J. Strategies to control pH in the dark fermentation of sugarcane vinasse: Impacts on sulfate reduction, biohydrogen production and metabolite distribution. J. Environ. Manag. 2023, 325, 116495. [Google Scholar] [CrossRef]

	



Qin, Y.; Li, L.; Wu, J.; Xiao, B.; Hojo, T.; Kubota, K.; Cheng, J.; Li, Y.-Y. Co-production of biohydrogen and biomethane from food waste and paper waste via recirculated two-phase anaerobic digestion process: Bioenergy yields and metabolic distribution. Bioresour. Technol. 2019, 276, 325–334. [Google Scholar] [CrossRef]

	



Xiao, B.; Zhang, W.; Yi, H.; Qin, Y.; Wu, J.; Liu, J.; Li, Y.-Y. Biogas production by two-stage thermophilic anaerobic co-digestion of food waste and paper waste: Effect of paper waste ratio. Renew. Energy 2019, 132, 1301–1309. [Google Scholar] [CrossRef]

	



Ofoefule, A.U.; Nwankwo, J.I.; Ibeto, C.N. Biogas Production from Paper Waste and its blend with Cow dung. Adv. Appl. Sci. Res. 2010, 1, 1–8. [Google Scholar]

	



Priadi, C.; Wulandari, D.; Rahmatika, I.; Moersidik, S.S. Biogas production in the anaerobic digestion of paper sludge. APCBEE Procedia 2014, 9, 65–69. [Google Scholar] [CrossRef]

	



Bakraoui, M.; Karouach, F.; Ouhammou, B.; Aggour, M.; Essamri, A.; El Bari, H. Biogas production from recycled paper mill wastewater by UASB digester: Optimal and mesophilic conditions. Biotechnol. Rep. 2020, 25, e00402. [Google Scholar] [CrossRef]

	



Qin, Y.; Wu, J.; Xiao, B.; Hojo, T.; Li, Y.-Y. Biogas recovery from two-phase anaerobic digestion of food waste and paper waste: Optimization of paper waste addition. Sci. Total Environ. 2018, 634, 1222–1230. [Google Scholar] [CrossRef] [PubMed]

	



Rodriguez, C.; Alaswad, A.; El-Hassan, Z.; Olabi, A.-G. Mechanical pretreatment of waste paper for biogas production. Waste Manag. 2017, 68, 157–164. [Google Scholar] [CrossRef]

	



Getahun, T.; Gebrehiwot, M.; Ambelu, A.; Van Gerven, T.; Van der Bruggen, B. The potential of biogas production from municipal solid waste in a tropical climate. Environ. Monit. Assess. 2014, 186, 4637–4646. [Google Scholar] [CrossRef] [PubMed]

	



Ekstrand, E.-M.; Hedenström, M.; Svensson, B.H.; Yekta, S.S.; Björn, A. Methane potentials and organic matter characterization of wood fibres from pulp and paper mills: The influence of raw material, pulping process and bleaching technique. Biomass Bioenergy 2020, 143, 105824. [Google Scholar] [CrossRef]

	



Li, X.; Zhang, C.; Li, Y.; Zhi, Q. The status of municipal solid waste incineration (MSWI) in China and its clean development. Energy Procedia 2016, 104, 498–503. [Google Scholar] [CrossRef]

	



Tan, S.; Hashim, H.; Lee, C.; Taib, M.R.; Yan, J. Economical and environmental impact of waste-to-energy (WTE) alternatives for waste incineration, landfill and anaerobic digestion. Energy Procedia 2014, 61, 704–708. [Google Scholar] [CrossRef]

	



Assamoi, B.; Lawryshyn, Y. The environmental comparison of landfilling vs. incineration of MSW accounting for waste diversion. Waste Manag. 2012, 32, 1019–1030. [Google Scholar] [CrossRef] [PubMed]

	



Joseph, A.M.; Snellings, R.; Van den Heede, P.; Matthys, S.; De Belie, N. The use of municipal solid waste incineration ash in various building materials: A Belgian point of view. Materials 2018, 11, 141. [Google Scholar] [CrossRef] [PubMed]

	



Li, C.; Yang, L.; Liu, X.; Yang, Y.; Qin, L.; Li, D.; Liu, G. Bridging the energy benefit and POPs emission risk from waste incineration. Innovation 2021, 2, 100075. [Google Scholar] [CrossRef]

	



Magnanelli, E.; Tranås, O.L.; Carlsson, P.; Mosby, J.; Becidan, M. Dynamic modeling of municipal solid waste incineration. Energy 2020, 209, 118426. [Google Scholar] [CrossRef]

	



Pirotta, F.; Ferreira, E.; Bernardo, C. Energy recovery and impact on land use of Maltese municipal solid waste incineration. Energy 2013, 49, 1–11. [Google Scholar] [CrossRef]

	



Wang, L.; Templer, R.; Murphy, R.J. A Life Cycle Assessment (LCA) comparison of three management options for waste papers: Bioethanol production, recycling and incineration with energy recovery. Bioresour. Technol. 2012, 120, 89–98. [Google Scholar] [CrossRef] [PubMed]

	



Tang, P.; Florea, M.; Spiesz, P.; Brouwers, H. Characteristics and application potential of municipal solid waste incineration (MSWI) bottom ashes from two waste-to-energy plants. Constr. Build. Mater. 2015, 83, 77–94. [Google Scholar] [CrossRef]

	



Luo, H.; Cheng, Y.; He, D.; Yang, E.-H. Review of leaching behavior of municipal solid waste incineration (MSWI) ash. Sci. Total Environ. 2019, 668, 90–103. [Google Scholar] [CrossRef] [PubMed]

	



Peretz, R.; Sterenzon, E.; Gerchman, Y.; Vadivel, V.K.; Luxbacher, T.; Mamane, H. Nanocellulose production from recycled paper mill sludge using ozonation pretreatment followed by recyclable maleic acid hydrolysis. Carbohydr. Polym. 2019, 216, 343–351. [Google Scholar] [CrossRef] [PubMed]

	



Gibril, M.E.; Lekha, P.; Andrew, J.; Sithole, B.; Tesfaye, T.; Ramjugernath, D. Beneficiation of pulp and paper mill sludge: Production and characterisation of functionalised crystalline nanocellulose. Clean Technol. Environ. Policy 2018, 20, 1835–1845. [Google Scholar] [CrossRef]

	



Cheng, M.; Qin, Z.; Chen, Y.; Hu, S.; Ren, Z.; Zhu, M. Efficient extraction of cellulose nanocrystals through hydrochloric acid hydrolysis catalyzed by inorganic chlorides under hydrothermal conditions. ACS Sustain. Chem. Eng. 2017, 5, 4656–4664. [Google Scholar] [CrossRef]

	



Nechyporchuk, O.; Belgacem, M.N.; Bras, J. Production of cellulose nanofibrils: A review of recent advances. Ind. Crops Prod. 2016, 93, 2–25. [Google Scholar] [CrossRef]

	



Yi, T.; Zhao, H.; Mo, Q.; Pan, D.; Liu, Y.; Huang, L.; Xu, H.; Hu, B.; Song, H. From cellulose to cellulose nanofibrils—A comprehensive review of the preparation and modification of cellulose nanofibrils. Materials 2020, 13, 5062. [Google Scholar] [CrossRef]

	



Michelin, M.; Gomes, D.G.; Romaní, A.; Polizeli, M.d.L.T.; Teixeira, J.A. Nanocellulose production: Exploring the enzymatic route and residues of pulp and paper industry. Molecules 2020, 25, 3411. [Google Scholar] [CrossRef] [PubMed]

	



Yeganeh, F.; Behrooz, R.; Rahimi, M. The effect of Sulfuric acid and Maleic acid on characteristics of nano-cellulose produced from waste office paper. Int. J. Nano Dimens. 2017, 8, 206–215. [Google Scholar]

	



Maslennikov, A.; Peretz, R.; Vadivel, V.K.; Mamane, H. Recycled Paper Sludge (RPS)-Derived Nanocellulose: Production, Detection and Water Treatment Application. Appl. Sci. 2022, 12, 3077. [Google Scholar] [CrossRef]

	



Ghasemlou, M.; Daver, F.; Ivanova, E.P.; Habibi, Y.; Adhikari, B. Surface modifications of nanocellulose: From synthesis to high-performance nanocomposites. Prog. Polym. Sci. 2021, 119, 101418. [Google Scholar] [CrossRef]

	



Abushammala, H. A Simple Method for the Quantification of Free Isocyanates on the Surface of Cellulose Nanocrystals upon Carbamation using Toluene Diisocyanate. Surfaces 2019, 2, 32. [Google Scholar] [CrossRef]

	



Kumar, R.; Rai, B.; Gahlyan, S.; Kumar, G. A comprehensive review on production, surface modification and characterization of nanocellulose derived from biomass and its commercial applications. Express Polym. Lett. 2021, 15, 104–120. [Google Scholar] [CrossRef]

	



Abushammala, H. Process for Preparing Individual Cellulose Nanocrystals, and Cellulose Nanocrystals and Use Thereof. U.S. Patent 20140083416A1, 27 March 2014. [Google Scholar]

	



Jung, Y.H.; Chang, T.-H.; Zhang, H.; Yao, C.; Zheng, Q.; Yang, V.W.; Mi, H.; Kim, M.; Cho, S.J.; Park, D.-W. High-performance green flexible electronics based on biodegradable cellulose nanofibril paper. Nat. Commun. 2015, 6, 7170. [Google Scholar] [CrossRef]

	



Abushammala, H.; Mao, J. Novel Electrically Conductive Cellulose Nanocrystals with a Core-Shell Nanostructure Towards Biodegradable Electronics. Nanomaterials 2023, 13, 782. [Google Scholar] [CrossRef]

	



Sabo, R.; Yermakov, A.; Law, C.T.; Elhajjar, R. Nanocellulose-enabled electronics, energy harvesting devices, smart materials and sensors: A review. J. Renew. Mater. 2016, 4, 297–312. [Google Scholar] [CrossRef]

	



Norfarhana, A.; Ilyas, R.; Ngadi, N. A review of nanocellulose adsorptive membrane as multifunctional wastewater treatment. Carbohydrate Polymers 2022, 291, 119563. [Google Scholar] [CrossRef]

	



Abushammala, H.; Hashaikeh, R.; Cooney, C. Microcrystalline cellulose powder tableting via networked cellulose-based gel material. Powder Technol. 2012, 217, 16–20. [Google Scholar] [CrossRef]

	



Lee, S.-H.; Kim, H.-J.; Kim, J.-C. Nanocellulose applications for drug delivery: A review. J. For. Environ. Sci. 2019, 35, 141–149. [Google Scholar]

	



Zaki, A.S.C.; Yusoff, N.A.; Rohaizad, N.M.; Sohaimi, K.; Mohamed, A.; Salleh, N.H.M.; Termizi, S. Isolation and characterization of nanocellulose structure from waste newspaper. J. Adv. Res. Eng. Knowl. 2018, 5, 27–34. [Google Scholar]

	



Luo, H.; Cha, R.; Li, J.; Hao, W.; Zhang, Y.; Zhou, F. Advances in tissue engineering of nanocellulose-based scaffolds: A review. Carbohydr. Polym. 2019, 224, 115144. [Google Scholar] [CrossRef]

	



Abushammala, H.; Mao, J. Impact of the Surface Properties of Cellulose Nanocrystals on the Crystallization Kinetics of Poly(Butylene Succinate). Crystals 2020, 10, 196. [Google Scholar] [CrossRef]

	



Azeredo, H.M. Bacterial cellulose for edible films and coatings. In Proceedings of the 4th International Symposium on Bacterial Nanocellulose, Porto, Portugal, 3–4 October 2019. [Google Scholar]

	



Fürtauer, S.; Hassan, M.; Elsherbiny, A.; Gabal, S.A.; Mehanny, S.; Abushammala, H. Current Status of Cellulosic and Nanocellulosic Materials for Oil Spill Cleanup. Polymers 2021, 13, 2739. [Google Scholar] [CrossRef]

	



Ferreira, F.V.; Pinheiro, I.F.; de Souza, S.F.; Mei, L.H.; Lona, L.M. Polymer composites reinforced with natural fibers and nanocellulose in the automotive industry: A short review. J. Compos. Sci. 2019, 3, 51. [Google Scholar] [CrossRef]

	



Noor, S.; Anuar, A.; Tamunaidu, P.; Goto, M.; Shameli, K.; Ab Halim, M. Nanocellulose production from natural and recyclable sources: A review. IOP Conf. Ser. Earth Environ. Sci. 2020, 479, 012027. [Google Scholar] [CrossRef]

	



Balea, A.; Merayo, N.; Negro, C.; Delgado-Aguilar, M.; Mutje, P.; Blanco, A. Cellulose nanofibers from residues to improve linting and mechanical properties of recycled paper. Cellulose 2018, 25, 1339–1351. [Google Scholar] [CrossRef]

	



Barbash, V.; Yashchenko, O.; Vasylieva, O. Preparation and application of nanocellulose from Miscanthus× giganteus to improve the quality of paper for bags. SN Appl. Sci. 2020, 2, 727. [Google Scholar] [CrossRef]

	



Li, A.; Xu, D.; Luo, L.; Zhou, Y.; Yan, W.; Leng, X.; Dai, D.; Zhou, Y.; Ahmad, H.; Rao, J. Overview of nanocellulose as additives in paper processing and paper products. Nanotechnol. Rev. 2021, 10, 264–281. [Google Scholar] [CrossRef]

	



Lei, W.; Zhou, X.; Fang, C.; Li, Y.; Song, Y.; Wang, C.; Huang, Z. New approach to recycle office waste paper: Reinforcement for polyurethane with nano cellulose crystals extracted from waste paper. Waste Manag. 2019, 95, 59–69. [Google Scholar] [CrossRef] [PubMed]

	



Putro, J.N.; Santoso, S.P.; Soetaredjo, F.E.; Ismadji, S.; Ju, Y.-H. Nanocrystalline cellulose from waste paper: Adsorbent for azo dyes removal. Environ. Nanotechnol. Monit. Manag. 2019, 12, 100260. [Google Scholar] [CrossRef]

	



Chen, G.; Wu, G.; Alriksson, B.; Wang, W.; Hong, F.F.; Jönsson, L.J. Bioconversion of waste fiber sludge to bacterial nanocellulose and use for reinforcement of CTMP paper sheets. Polymers 2017, 9, 458. [Google Scholar] [CrossRef]

	



Wang, S.; Wen, Y.; Hammarström, H.; Jönsson, P.G.; Yang, W. Pyrolysis behaviour, kinetics and thermodynamic data of hydrothermal carbonization–Treated pulp and paper mill sludge. Renew. Energy 2021, 177, 1282–1292. [Google Scholar] [CrossRef]

	



Sadish, O.; Sebastian, S.P.; Banu, K.S.P.; Mahendran, R. Hydrochar as an energy alternative to coal: Effect of temperature on hydrothermal carbonization of paper board mill sludge. Int. J. Curr. Microbiol. App. Sci. 2019, 8, 1668–1675. [Google Scholar] [CrossRef]

	



Phuthongkhao, P.; Phasin, K.; Boonma, P.; Khunphonoi, R.; Kanchanatip, E.; Suwannaruang, T.; Shivaraju, H.P.; Wantala, K. Preparation and characterization of hydrothermally processed carbonaceous hydrochar from pulp and paper sludge waste. Biomass Convers. Biorefinery 2023. [Google Scholar] [CrossRef]

	



Assis, E.I.; Chirwa, E.M.; Tichapondwa, S.M. Hydrothermal Carbonization of Different Recycling Paper Mill Waste Streams. Chem. Eng. Trans. 2021, 88, 43–48. [Google Scholar]

	



Zhang, Z.; Zhu, Z.; Shen, B.; Liu, L. Insights into biochar and hydrochar production and applications: A review. Energy 2019, 171, 581–598. [Google Scholar] [CrossRef]

	



Saha, N.; Saba, A.; Saha, P.; McGaughy, K.; Franqui-Villanueva, D.; Orts, W.J.; Hart-Cooper, W.M.; Reza, M.T. Hydrothermal carbonization of various paper mill sludges: An observation of solid fuel properties. Energies 2019, 12, 858. [Google Scholar] [CrossRef]

	



Assis, E.I.; Gidudu, B.; Chirwa, E.M. Hydrothermal carbonisation of paper sludge: Effect of process conditions on hydrochar fuel characteristics and energy recycling efficiency. J. Clean. Prod. 2022, 373, 133775. [Google Scholar] [CrossRef]

	



Wang, T.; Zhai, Y.; Zhu, Y.; Li, C.; Zeng, G. A review of the hydrothermal carbonization of biomass waste for hydrochar formation: Process conditions, fundamentals, and physicochemical properties. Renew. Sustain. Energy Rev. 2018, 90, 223–247. [Google Scholar] [CrossRef]

	



Lin, Y.; Ma, X.; Peng, X.; Hu, S.; Yu, Z.; Fang, S. Effect of hydrothermal carbonization temperature on combustion behavior of hydrochar fuel from paper sludge. Appl. Therm. Eng. 2015, 91, 574–582. [Google Scholar] [CrossRef]

	



Gupta, D.; Mahajani, S.; Garg, A. Effect of hydrothermal carbonization as pretreatment on energy recovery from food and paper wastes. Bioresour. Technol. 2019, 285, 121329. [Google Scholar] [CrossRef]

	



Mäkelä, M.; Benavente, V.; Fullana, A. Hydrothermal carbonization of industrial mixed sludge from a pulp and paper mill. Bioresour. Technol. 2016, 200, 444–450. [Google Scholar] [CrossRef]

	



Berge, N.D.; Ro, K.S.; Mao, J.; Flora, J.R.; Chappell, M.A.; Bae, S. Hydrothermal carbonization of municipal waste streams. Environ. Sci. Technol. 2011, 45, 5696–5703. [Google Scholar] [CrossRef]

	



Nguyen, L.H.; Nguyen, X.H.; Nguyen, N.D.K.; Van, H.T.; Le, H.N.; Pham, V.D.; Nguyen, N.A.; Nguyen, T.P.; Nguyen, T.H. H2O2 modified-hydrochar derived from paper waste sludge for enriched surface functional groups and promoted adsorption to ammonium. J. Taiwan Inst. Chem. Eng. 2021, 126, 119–133. [Google Scholar] [CrossRef]

	



Nguyen, L.H.; Van, H.T.; Chu, T.H.H.; Nguyen, T.H.V.; Nguyen, T.D. Paper waste sludge—Derived hydrochar modified by iron (III) chloride for enhancement of ammonium adsorption: An adsorption mechanism study. Environ. Technol. Innov. 2021, 21, 101223. [Google Scholar] [CrossRef]

	



Assis, E.I.; Chirwa, E.M. Physicochemical characteristics of different pulp and paper mill waste streams for hydrothermal conversion. Chem. Eng. Trans. 2021, 86, 607–612. [Google Scholar]

	



Gavrilescu, D. Energy from biomass in pulp and paper mills. Environ. Eng. Manag. J. 2008, 7, 537–546. [Google Scholar] [CrossRef]

	



Hospodarova, V.; Stevulova, N.; Briancin, J.; Kostelanska, K. Investigation of waste paper cellulosic fibers utilization into cement based building materials. Buildings 2018, 8, 43. [Google Scholar] [CrossRef]

	



Shermale, Y.; Varma, M. Papercrete: An efficient use of waste paper. Recent Trends Civ. Eng. Technol. 2015, 15, 54–59. [Google Scholar]

	



Akinwumi, I.I.; Olatunbosun, O.M.; Olofinnade, O.M.; Awoyera, P.O. Structural evaluation of lightweight concrete produced using waste newspaper and office paper. Civ. Environ. Res. 2014, 6, 160–167. [Google Scholar]

	



Sangrutsamee, V.; Srichandr, P.; Poolthong, N. Re-pulped waste paper-based composite building materials with low thermal conductivity. J. Asian Archit. Build. Eng. 2012, 11, 147–151. [Google Scholar] [CrossRef]

	



Pahusuwanno, P.; Chakartnarodom, P.; Ineure, P.; Prakaypan, W. The influences of chemical treatment on recycled rejected fiber cement used as fillers in the fiber cement products. J. Met. Mater. Miner. 2019, 29, 3. [Google Scholar]

	



Sutcu, M.; del Coz Díaz, J.J.; Rabanal, F.P.Á.; Gencel, O.; Akkurt, S. Thermal performance optimization of hollow clay bricks made up of paper waste. Energy Build. 2014, 75, 96–108. [Google Scholar] [CrossRef]

	



Goel, G.; Vasić, M.V.; Katiyar, N.K.; Kirthika, S.; Pezo, M.; Dinakar, P. Potential pathway for recycling of the paper mill sludge compost for brick making. Constr. Build. Mater. 2021, 278, 122384. [Google Scholar] [CrossRef]

	



Azmi, A.N.; Fauzi, M.A.; Nor, M.D.; Ridzuan, A.R.M.; Arshad, M.F. Production of Controlled Low Strength Material Utilizing Waste Paper Sludge Ash and Recycled Aggregate Concrete. MATEC Web Conf. 2016, 47, 01011. [Google Scholar] [CrossRef]

	



Tang, Z.; Li, W.; Tam, V.W.; Xue, C. Advanced progress in recycling municipal and construction solid wastes for manufacturing sustainable construction materials. Resour. Conserv. Recycl. X 2020, 6, 100036. [Google Scholar] [CrossRef]

	



Mavroulidou, M. Use of waste paper sludge ash as a calcium-based stabiliser for clay soils. Waste Manag. Res. 2018, 36, 1066–1072. [Google Scholar] [CrossRef]

	



Mäkelä, M.; Watkins, G.; Pöykiö, R.; Nurmesniemi, H.; Dahl, O. Utilization of steel, pulp and paper industry solid residues in forest soil amendment: Relevant physicochemical properties and heavy metal availability. J. Hazard. Mater. 2012, 207, 21–27. [Google Scholar] [CrossRef]

	



Nafees, M.; Baig, S.A.; Zahid, S. Chemical composition and nutritional values of pulp and paper mill sludge compost. 2018. Available online: https://www.researchgate.net/profile/Nafees-Mohammad/publication/327982232_Chemical_composition_and_nutritional_values_of_pulp_and_paper_mill_sludge_compost/links/5bb1f70ea6fdccd3cb80b209/Chemical-composition-and-nutritional-values-of-pulp-and-paper-mill-sludge-compost.pdf (accessed on 17 January 2023). [CrossRef]

	



Gopinathan, M.; Thirumurthy, M. Evaluation of phytotoxicity for compost from organic fraction of municipal solid waste and paper & pulp mill sludge. Environ. Res. Eng. Manag. 2012, 59, 47–51. [Google Scholar]

	



Cooperband, L. The Art and Science of Composting; Center for Integrated Agricultural Systems: Madison, WI, USA, 2002. [Google Scholar]

	



Ahmed, S.; Hall, A.; Ahmed, S. Biodegradation of Different Types of Paper in a Compost Environment. In Proceedings of the 5th International Conference on Natural Sciences and Technology (ICNST’18) March, Chittagong, Bangladesh, 30–31 March 2018; pp. 30–31. [Google Scholar]

	



Zawadzińska, A.; Salachna, P.; Nowak, J.S.; Kowalczyk, W.; Piechocki, R.; Łopusiewicz, Ł.; Pietrak, A. Compost Based on Pulp and Paper Mill Sludge, Fruit-Vegetable Waste, Mushroom Spent Substrate and Rye Straw Improves Yield and Nutritional Value of Tomato. Agronomy 2021, 12, 13. [Google Scholar] [CrossRef]

	



Wahyuningsih, S. Application of pulp and paper sludge compost on Anthocephalus cadamba seedlings in ultisol and peat media. IOP Conf. Ser. Earth Environ. Sci. 2020, 415, 012021. [Google Scholar] [CrossRef]

	



Rosazlin, A.; Fauziah, C.; Wan Rasidah, K.; Rosenani, A.; Kala, D. Assessment on the quality of recycled paper mill sludge mixed with oil palm empty fruit bunch compost. Malays. J. Soil Sci. 2011, 15, 49–62. [Google Scholar]

	



Ghulam, S.T.; Abushammala, H. Challenges and Opportunities in the Management of Electronic Waste and Its Impact on Human Health and Environment. Sustainability 2023, 15, 1837. [Google Scholar] [CrossRef]

	



Okan, M.; Aydin, H.M.; Barsbay, M. Current approaches to waste polymer utilization and minimization: A review. J. Chem. Technol. Biotechnol. 2019, 94, 8–21. [Google Scholar] [CrossRef]

	



Moult, J.; Allan, S.; Hewitt, C.; Berners-Lee, M. Greenhouse gas emissions of food waste disposal options for UK retailers. Food Policy 2018, 77, 50–58. [Google Scholar] [CrossRef]

	



Piippo, S.; Lauronen, M.; Postila, H. Greenhouse gas emissions from different sewage sludge treatment methods in north. J. Clean. Prod. 2018, 177, 483–492. [Google Scholar] [CrossRef]

	



Chan, Y.C.; Sinha, R.K.; Wang, W. Emission of greenhouse gases from home aerobic composting, anaerobic digestion and vermicomposting of household wastes in Brisbane (Australia). Waste Manag. Res. 2011, 29, 540–548. [Google Scholar] [CrossRef]

	



Kristanto, G.A.; Koven, W. Estimating greenhouse gas emissions from municipal solid waste management in Depok, Indonesia. City Environ. Interact. 2019, 4, 100027. [Google Scholar] [CrossRef]

	



Baldasano, J.M.; Soriano, C. Emission of greenhouse gases from anaerobic digestion processes: Comparison with other municipal solid waste treatments. Water Sci. Technol. 2000, 41, 275–282. [Google Scholar] [CrossRef] [PubMed]








[image: Sustainability 15 06915 g001 550] 





Figure 1. Possible waste streams generated during the lifecycle of paper from wood pulping to paper production, consumption, and recycling. 
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Figure 2. Conversion of paper waste into biohydrogen or biomethane using dark fermentation and anaerobic digestion, respectively. 
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Figure 3. Possible routes for the conversion of paper waste into high-value materials and energy. 
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