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Abstract

:

Currently, the recovery of resources from urban wastewater (WW) represents a priority. On this topic, the potential recovery of cellulose for its subsequent reuse in different sectors is gaining interest. In this work, a large-size conventional wastewater treatment plant (WWTP) was selected as a case study. A preliminary mechanical treatment was used, with the aim of separating, quantifying, and characterizing cellulose in WW. The results suggest that the per-capita production of dry primary cellulosic sludge (D-PCS) is equal to 1.46 ± 0.13 kgD-PCS PE−1 y−1, with an average calorific value of 21.04 MJ kg−1DM. Cellulosic fibres have an average length of >100 µm and a thickness of 2–5 µm. The D-PCS was subsequently treated via medium-temperature pyrolysis; a total of 29.5% of the initial D-PCS was converted into pyrolyzed primary cellulosic sludge (P-PCS) and only 26% into pyrolytic gas. More than 44.5% of the dried cellulose can be converted into pyrolytic oil. Moreover, three different scenarios of recovery have been considered, and the impact of cellulose separation in terms of COD fluxes entering the WWTP and potential energy recovery has been studied. The results suggested that, in this case study, the potential separation of the primary cellulosic sludge from the influent water flux would have no significant impact on COD load entering the biological treatments and biogas production in the anaerobic digestion of the secondary sludge.
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1. Introduction


The management of wastewater (WW) has undergone changes due to emerging global trends related to resource availability. Wastewater treatment plants (WWTPs) have evolved from being solely purification facilities to also encompassing the reuse of resources derived from WW [1]. In recent years, to address the challenge of reducing energy consumption during the aeration process and minimizing the production of excess sludge, the removal of part of the organic carbon prior to the biological treatment stage has gained importance [2,3].



In this sense, cellulose can play a key role. Its source in urban WW is mainly toilet paper (TP) [4], and the predicted per-capita annual consumption of TP in 2023 is estimated to be almost 5.98 kg, with differences depending on the country [5]. Within WW, cellulose originating from TP in Western European countries constitutes a significant portion of the primary cellulose sludge (PCS), accounting for 60–80% of the total content [6,7]. The remaining components include hair, sands, clay, and inorganic salts [8]. While the installation of technologies for collecting cellulose fibres has been proposed for WWTPs, they have not been very commonly applied to date.



Cellulose is generally an appealing product because it can be reused for green energy production, such as for biogas production in anaerobic reactors, as a bioenergy source in the form of pellets, and for bioethanol production [9,10,11,12]. Additionally, it can be utilized as a raw material to produce biomaterials such as bioplastics, recycled paper, and building materials [13,14,15,16,17]. Cellulose, as an abundant organic compound, possesses substantial energy potential and can also be effectively used to produce biofuels when adequately separated and refined [18]. The specific heat capacity of cellulose in PCS is 1.55 kJ kg−1 °C−1 [8]. Via the hydrothermal carbonization method, the calorific value of row cellulose is estimated to be 16.5 MJ kg−1 on a dry basis [19].



Also, medium-temperature pyrolysis (MTP) is a viable approach for the transformation of materials containing a significant amount of organic matter [20,21]. Pyrolysis is a thermochemical reduction process that converts PCS into three products: (i) a solid carbonaceous product with a high carbon content; (ii) pyrolysis oil (P-oil), which is a mixture of water and oil; and (iii) pyrolysis gas (P-gas) [21,22]. The obtained solid carbonaceous product has various applications, such as its use in agriculture as an additive to improve soil properties, soil fertilization, and water retention in the landscape due to its significant hygroscopic properties [21,23,24]. A key parameter in the MTP of cellulose is the residence time, which can influence the pathways of transformation of cellulose [25]. Detailed designs of installations, technologies, and facilities for the MTP of cellulose from WW are the subjects of ongoing research, as is the definition of the pyrolysis product manufacturing process.



The cellulose extraction methods used in WWTPs are characterized by their simplicity and effectiveness and determine several advantages in the management of WWTPs such as: (i) reduction of chemical consumption; (ii) lower electricity consumption during aeration; (iii) diminished probability of phosphate release; and (iv) lower sludge volumes. Consequently, these advantageous factors contribute to a reduction in the costs of WWTP management [15]. Within the activated sludge tank, a reduction in the load of organic matter fed leads to an augmentation in treatment capacity and a notable decrease in energy consumption for aeration [26,27]. A significant reduction in the volume of excess sludge was also observed [28].



In the literature, several methods have been proposed for cellulose separation from WW, such as rotating bed filters and membranes [27,28]. However, studies on the impact of cellulose removal on the operation of WWTPs mainly focused on the amount of oxygen required for oxidation and the amount of sludge produced [27], but few data are available in terms of impacts on COD fluxes and potential energetic valorisation of sludge.



This work aims to provide results about the recovery of cellulose in a conventional WWTP, used as case study, via a preliminary treatment of mechanical separation. The primary cellulosic sludge was quantified, characterized, and subsequently treated via MTP. Three different scenarios of recovery were taken into account, and the impact of cellulose separation in terms of COD fluxes entering the WWTP, and potential energy recovery have been studied. This work does not aim to focus on cellulose separation methods but on the evaluation of its energy value and valorisation in MTP. This work also aims to analyse and discuss the impact of the whole PSC separation process on the energy and mass balance of the WWTP. These results will be useful for (i) the scientific community, providing important information about cellulose amount and characteristics in WW, and for (ii) water utilities, providing preliminary details about the impact of cellulose separation and recovery in conventional WWTPs.




2. Materials and Methods


This work was divided into three steps: (i) the evaluation of the separation of cellulose; (ii) the recovery as a carbonaceous product after MTP; and (iii) the analysis of the impact of cellulose separation in terms of COD fluxes in the WWTP.



2.1. Cellulose Separation


The WW used in the tests was sampled at the urban WWTP of Brno-Modřice. The plant is a large-size WWTP (530,000 population equivalent—PE) and serves the Brno metropolitan area (Czech Republic) with an average WW inflow of 1.1–4.2 m3 s−1. Influent WW presented a content of organic matter and nutrients typical of urban sewers. The daily average samples were taken on the same days in which the separation of cellulose from WW was performed. The main characteristics of the influent WW and the flowrate are reported in Table 1. The plant presents a conventional scheme with a gravel grit trap, fine screens, an aerated sand grit trap with grease separation, a primary settling tank, and secondary biological treatment as a conventional activated sludge system (CAS) for the removal of organic carbon and nitrogen. Phosphorus was removed via the addition of ferric sulphate when necessary. Details about the WWTP scheme are reported in Figure S1.



The rotary drum screen device SVSLS (Fontana R s.r.o., Brno, Czech Republic) (microsieve size: 0.3 mm) was installed after the sand and grease trap and before the primary settler as a mechanical pretreatment of the plant. The device was operated for approximately 4 h per day for a duration of 4 days.



The WW was pumped onto the screen device (Q = 150 L min−1). The filtered WW (permeate) continued to flow into the water line of the WWTP while the PCS was collected separately. Visual observation revealed that the PCS extracted via the rotary drum screen still contained food waste residues. To remove these impurities, PCS was manually screened for laboratory analysis via a two-stage system (sieve size: 2 mm and 0.4 mm). The treated PCS (T-PCS) was then solar dried to reduce the water content of the matrix (D-PCS). The time required to reach a constant weight of the dried sample was 2 to 4 days, depending on weather conditions.




2.2. Pyrolytic Tests


Before pyrolytic tests, samples of D-PCS were pelletized using the press JGE 230 (Green Energy Machine Product s.r.o., Vlčnov, Czech Republic) up to 6 mm in diameter.



The pyrolysis unit was equipped with a stainless-steel cylindrical reactor with a volume of approximately 10 L, operating at process temperatures ranging up to 600 °C. In each test, 3 kg of D-PCS was loaded. The reactor was conventionally heated via a wire thermocouple connected to a power source. To ensure an inert environment before and after the experiment, the entire unit was connected to a pressure vessel containing inert gas, and the system was flushed prior to the experiment.



During the process, the pyrolytic gases from the reactor were directed through an outlet pipe to a condenser, where they condensed and were captured in the form of pyrolytic oil. The remaining vapours were directed to a laboratory combustion device.




2.3. Analytical Methods


The quality of the influent WW was assessed using Standard Methods for the Examination of Water and Wastewater [29].



In regard to the PCS, the energy efficiency of the samples was measured using a combustion test in laboratory conditions using the semi-automatic device IKA C 200 (IKA-Werke GmbH & Co., Staufen im Breisgau, Germany), in accordance with the standard EN ISO 1716 [30]. The analyses were performed in triplicate, with a maximum allowable deviation of 1%.



Heavy metals (As, Cd, Cr, Cu, Ni, Pb, Hg, V, and Zn) and total phosphorus in T-PCS and D-PCS samples were analysed using to ČSN EN ISO 11885 [31], ČSN EN 13657 [32], and ČSN 46 5735 [33] methods. The dry matter (DM) was determined using to ČSN EN 12879 [34] and ČSN EN 12880 [35] methods, while the pH was measured using ČSN EN 12176 [36] method.



T-PCS samples were analysed using the Eclipse E200 (Nikon, Tokyo, Japan), with a magnification of ×200; colour images were captured using the DS-Fi3 camera (Nikon, Japan).




2.4. Evaluation of the Scenarios


To evaluate the impact of cellulose recovery in the management of the WWTP in terms of COD fluxes and energy recovery, three scenarios were evaluated, depending on the percentage of cellulose supposed to be recovered:




	
Scenario 1 (S1): 100% of the cellulose is recovered. Given the application of a multiple-stage mechanical separation system, the cellulose separation from WW flux in this study is assumed to be close to complete.



	
Scenario 2 (S2): 75% of the cellulose in the WW is separated and recovered.



	
Scenario 3 (S3): Only 50% of the cellulose in the WW is separated and recovered.








In every scenario, the amount of pyrolyzed PCS (P-PCS) is defined based on the results of the tests made with a lab-scale reactor.





3. Results and Discussion


3.1. Cellulose Separation and Characterization


Almost 115.2 m3 of WW was pumped through the rotary drum screen for PCS extraction. Approximately 3 kg of D-PCS was obtained during this period, resulting in the production of almost 0.026 kg m−3 wastewater.



Within the scope of this research, further characterization of PCS and T-PCS was conducted to verify their potential for material and energy utilization. Table 2 shows the results of the characterization performed on PCS and T-PCS.



The evaluation showed that the DM in the mechanically extracted samples of PCS was 14.6 ± 1.5%. This parameter is crucial for determining the optimal approach and technology for PCS dewatering [37]. In fact, to reduce the costs and drying time of PCS, achieving the highest possible DM content of PCS is highly suggested. For this reason, samples of T-PCS were then solar dried (S-PCS), reaching 92.5 ± 9.3%. Based on the results, the concentration of organic matter in the form of cellulose does not affect the pH value. These values (7.4 ± 0.2) are similar to those found in the influent of the WWTP (Table 1).



The high values of LOI (94.5 ± 9.5%DM) in PCS are due to the high proportion of organic matter in the samples. Comparing results with T-PCS, a slightly lower value after two-stage sieving was reported (83.2 ± 4.2%DM), probably due to the removal of food residues by the refinement treatment. The concentration of heavy metals (HMs) in PCS is influenced by the presence of HMs in WW [21] and, considering only a mechanical process of separation as performed, no significant differences in HMs concentration in PCS and T-PCS were highlighted. Since the process temperature of pyrolysis does not significantly affect the HMs concentration [21], the HMs in the T-PCS are assumed to reflect the content in the P-PCS.



The average calorific value resulting from the combustion test on the T-PCS was reported as 21.04 MJ kg−1DM. This differs from the value found by Kim et al. [19,38] (16.50 MJ kg−1DM) for the cellulose alone. This could be explained by the fact that T-PCS contains at least 60% cellulose but also other organic matter with high energy value, such as hemicellulose, lignin, and oil [8].



The analysis of D-PCS showed the presence of cellulosic fibres with, on average, a length > 100 µm and a thickness equal to 2–5 µm (Figure 1). These values are not very different from those from Ruiken et al. [28], who reported that the fibres of toilet paper in WW are 1–1.2 mm in length. These values are also similar to those of various types of toilet paper before use, suggesting that the dimension of the fibres remain consistent during transport in the sewer system [28].



Despite the presence of a two-stage system, the analysis suggested the presence of impurities that are not retained by the mesh (sieve size up to 0.4 mm). However, further studies are necessary to completely characterize them.




3.2. Production of Carbon-Based Material from Medium-Temperature Pyrolysis


The D-PCS was subjected to a medium temperature pyrolysis process to obtain P-PCS (Figure 2).



Almost 50% of the total weight (more than 60% of the DM) is composed of non-organic content. A total of 99.6% of the total carbon (TC) in the D-PCS is of organic origin (TOC).



Looking at the mass fluxes (Figure 3), 29.5% of the initial D-PCS was converted to P-PCS, but only 26% into pyrolytic gas. More than 44.5% of the dried cellulose was converted into pyrolytic oil. In this study, the characteristics of pyrolytic oil and gas (P-oil and P-gas, respectively) have not been analysed because this was outside of the scope of our research. Regarding the properties of the P-PCS, it can be assumed that the contents of HMs and inorganic matter remain the same as those of the D-PCS, considering pyrolysis is generally not able to convert these forms [21].




3.3. Production of D-PCS and P-PCS: Estimation in the Case Study


Considering the specific D-PCS production (according to the experimental tests, almost 0.026 kg m−3) and taking into account that the daily inflow of the WWTP during the period of monitoring was 81,688 ± 7203 m3 d−1, the amount of D-PCS that can be extracted is 2.13 ± 0.19 tD-PCS d−1. The per-capita production is therefore equal to almost 1.46 ± 0.13 kgD-PCS PE−1 y−1.



In Figure 4, the production of D-PCS and P-PCS is presented as a function of the PE served, in scenarios S1, S2, and S3. The difference between the diverse scenarios is represented by the amount of cellulose that can be potentially recovered.



The amount of material can be very significant, especially in the case of medium- or large-size WWTP. As can be seen, also considering a partial separation of the cellulose (S2—75%) and a medium-size WWTP (500,000), almost 600 tD-PCS y−1 can be separated and more than 200 tP-PCS y−1 can be produced, if D-PCS is subjected to MTP.




3.4. Impact of Cellulose Separation on the Operation of the WWTP


3.4.1. COD Fluxes


The fluxes of COD were studied in the case of the mechanical separation of the cellulose (Figure 5a). The evaluations were performed assuming the following: (i) the theoretical relation of 1.15 gCOD g−1toilet paper (in this case, D-PCS represents the toilet paper) [6,39] and (ii) only 60% of the PCS consists of TP [8].



In all scenarios, the percentage of COD in PCS remained significantly lower than the remaining COD in WW. The COD separated from WW was 6%, 5%, and 3% in S1, S2, and S3, respectively. Assuming that almost all the cellulose was separated (S1), almost 94% of the COD remained in the WW directed to the subsequent treatments in the water line. This value is higher compared to the range reported in the literature, which indicates that cellulose separation removes 25–30% of the COD entering the WWTP [28]. Given that a multiple-stage system with mesh size up to 0.3 mm was used for cellulose separation, it seems quite unlikely that this difference could be attributed to an inefficient phase mechanical separation. However, further study is suggested in order to elucidate the reason for this difference.




3.4.2. Energy Content


In this case study, the biogas produced from the anaerobic digestion of sewage sludge is almost 4.88 Mm3 y−1 which allows to the production of 6738 MWh y−1 of electrical energy and 57,333 GJ y−1 of heat energy [40]. Considering the annual production of PCS and its calorific value, the annual energy value from PCS is expected to be up to 16,310 GJ y−1 in the best scenario for cellulose separation (S1) (Figure 5b). The energy recovered from PCS results in 14.2–28.4% of the current annual heat production from biogas, depending on the scenario.



From a different perspective, the D-PCS can generate a maximum of 0.34 m3CH4 kg−1COD according to Crutchik et al. [7]. Focusing on this case study, COD related with annual production of D-PCS is up to almost 1500 t y−1, which means a potential production of CH4 of 0.25 Mm3 y−1 and 0.51 Mm3 y−1 in S3 and S1, respectively (Table 3).



Assuming a biogas composition with 70% of CH4 indicates that the hypothetical production of biogas from D-PCS can reach approximately 7.4–14.8% of the total biogas production at the WWTP of Brno-Modřice. This suggests that the separation of PCS from WW did not negatively impact the energy recovery in the sludge line through anaerobic digestion.





3.5. Limitations of the Study and “Open Questions”


The results of the study demonstrate the technical sustainability of the removal of cellulose from wastewater and its valorisation through pyrolysis. However, the question of whether this approach is also sustainable from an environmental and economic point of view has not yet been evaluated (because it was not within the scope of this work). For this reason, the development of a lifecycle assessment (LCA) and a lifecycle costing (LCC) analysis would be necessary before an upgrade of this approach to full scale.



These types of analyses will also allow the comparison of different approaches for cellulose separation and valorisation in order to solve the following question: is the proposed solution more environmentally and economically “friendly” than the other current approaches?



Another aspect that was not evaluated in this study is the impact of the presence of impurities in the extracted cellulose. Can it influence subsequent valorisation through pyrolysis? Is it convenient, from an environmental and economic point of view, to remove these impurities? Subsequent studies should delve deeper into these aspects not studied in this work.





4. Conclusions


According to the results, the per-capita production of D-PCS was equal to 1.46 ± 0.13 kgD-PCS PE−1 y−1 with an average calorific value of 21.04 MJ kg−1DM. Cellulosic fibres had, on average, a length of >100 µm and a thickness of 2–5 µm. Further studies are required to completely characterize the impurities highlighted by the microscope analysis, despite the presence of a two-stage separation system. Subsequent treatment via MTP allowed the conversion of 29.5% of the initial D-PCS into P-PCS, while more than 44.5% was converted into pyrolytic oil and 26% into pyrolytic gas. DM increased from 21.7 ± 1.3% in T-PCS to 92.5 ± 9.3% in D-PCS. The results also suggested that the potential separation of the PCS from the influent water flux would have no significant impact on the COD load entering the biological treatments (−3–6%). This low value could be attributed to a lower presence of cellulose in the WW in this specific case study, rather than to an inefficient mechanical separation, considering that a multiple-stage system was used. The hypothetical production of biogas from D-PCS can reach approximately 7.4–14.8% of the total biogas production in the selected case study. This suggests that, in this specific case study, the separation of the PCS from the water flux has no significant impact on biogas production. Future studies should focus on the development of a LCA and a LCC to define whether this approach for the removal of cellulose from wastewater and its recovery is sustainable, not only from a technical point of view, but also from environmental and economic perspectives.
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Figure 1. (a,b): Microscope images (200×) of D-PCS. Red arrows indicate some impurities that remain after the manual screening. 
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Figure 2. (a) D-PCS and (b) P-PCS (before and after the pyrolytic process, respectively). 
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Figure 3. Composition of the PCS before and after pyrolysis and percentage of P-oil and P-gas with respect to the initial mass. Light and dark grey represent P-gas and P-oil, respectively. TOC: total organic carbon; IC: inorganic carbon; NC: non-carbonic matter; P-oil: pyrolysis oil; P-gas: pyrolysis gas. 
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Figure 4. Production of D-PCS and P-PCS as a function of the inhabitants served in scenario 1 (S1), scenario 2 (S2), and scenario 3 (S3). 
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Figure 5. (a) Fluxes of the COD after mechanical separation of cellulose from wastewater in S1, S2, and S3. (b) Energy of the PCS in S1, S2, and S3 and ratio with the heat energy currently produced from biogas. 
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Table 1. Basic parameters of the inflow to WWTP Brno-Modřice during the days of tests. u.m.: unit of measure; EC: electrical conductivity; TSS: total suspended solids; TDS: total dissolved solid; AOX: adsorbable organic halides. (number of samples: 4).
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	Parameter (u.m.)
	Value





	Flow (m3 d−1)
	76,400–98,000



	BOD5 (mg L−1)
	285–395



	COD (mg L−1)
	620–900



	TSS (mg L−1)
	290–480



	TDS (mg L−1)
	820–926



	pH (-)
	7.6–7.7



	EC (µS cm−1)
	1313–1444



	N-NH4+ (mg L−1)
	41–50



	N-NO3− (mg L−1)
	<0.05



	N-NO2− (mg L−1)
	<0.01



	Ntot (mg L−1)
	61.7–68



	Ptot (mg L−1)
	7.06–8.71



	AOX (mg L−1)
	0.3–0.4



	Tmin (°C)
	15–20



	Tmax (°C)
	26.1–34.9










 





Table 2. Characteristics of separated PCS and T-PCS. SD: standard deviation; DM: dry matter; ROI: residue on ignition on 550 °C; LOI: loss on ignition; Total P: total phosphorus, TOC: total organic carbon. n: number of samples; n.e.: not evaluated.
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PCS (±SD)

  [n = 5]

	
T-PCS (±SD)

  [n = 3]






	
Physicochemical parameters




	
DM (%)

	
14.6 ± 1.5

	
21.7 ± 1.3




	
pH (-)

	
7.4 ± 0.2

	
n.e.




	
ROI (%DM)

	
n.e.

	
16.8 ± 0.8




	
LOI (%DM)

	
94.5 ± 9.5

	
83.2 ± 4.2




	
Chemical parameters




	
Total P (mg kg−1DM)

	
3670 ± 734

	
n.e.




	
As (mg kg−1DM)

	
6.30 ± 1.30

	
0.68 ± 0.14




	
Cd (mg kg−1DM)

	
˂0.50

	
˂0.40




	
Cr (mg kg−1DM)

	
26.1 ± 5.2

	
n.e.




	
Pb (mg kg−1DM)

	
16.1 ± 3.2

	
15.6 ± 3.1




	
Cu (mg kg−1DM)

	
n.e.

	
102 ± 20.4




	
Ni (mg kg−1DM)

	
10.5 ± 2.1

	
15.2 ± 3




	
Hg (mg kg−1DM)

	
0.6 ± 0.1

	
0.5 ± 0.1




	
Zn (mg kg−1DM)

	
350 ± 70

	
503 ± 100.1




	
V (mg kg−1DM)

	
n.e.

	
6.5 ± 1.3











 





Table 3. Potential CODD-PCS, production of CH4, and biogas from D-PCS in different scenarios and comparison with the current situation.






Table 3. Potential CODD-PCS, production of CH4, and biogas from D-PCS in different scenarios and comparison with the current situation.











	
	Scenario 1
	Scenario 2
	Scenario 3





	CODD-PCS (kg y−1)
	1,485,833
	1,114,375
	742,917



	CH4 production (Mm3 y−1)
	0.51
	0.38
	0.25



	Biogas production (Mm3 y−1)
	0.72
	0.54
	0.36



	Ratio with current scenario (%)
	14.80
	11.