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Abstract. Methane yield is one of the important factors that indicate the anaerobic digestion
(AD) process efficiency. The AD is an available treatment of recycled pulp and paper sludge
(RPPS) and recycled pulp and paper wastewater (RPPW). This process protects the
environment and produces methane, which is considered as renewable energy. In this study,
the anaerobic treatment of the RPPW and RPPS were studied using 1L completely stirred tank
reactor (CSTR) at laboratory scale with mesophilic conditions. However, a kinetic study was
carried out using four models in order to compare and adjust the experimental results. The
experimental results show that the RPPW and RPPS methane productions were between 691
and 945 mL/g based on volatile solid (VS), and the corresponding digestion time was about 26
days for the both experiment. The corresponding digestion time could be understood through
the methane production kinetic models by digestion experiments within a short time. Different
kinetics models were tested including Richards, Logistic, modified Gompertz and Cone models.
The obtained results show the modified Gompertz model as the suitable model since it gives
the lowest deviation from experimental results. Therefore, the proposed model could be used to
accurately predict behavior of AD processes.

1. Introduction

The AD is a recommended technology that can be applied to reduce the pollution, by the reduction of
organic matter, and to produce methane as a renewable energy that we can exploit in different way [1,
2]. The recycled pulp and paper is a growing industry which plays a significant part in the growth of
the economy in the world [2, 3]. However this industrial sector consumes a significant amount of
resources, raw materials and energy. Furthermore, it produces a considerable amount of organic waste,
which is not suitable for the production of new paper [4]. Correspondingly, the biodegradable organic
fractions and hydrolysis rates of substrates are two important parameters for anaerobic biodegradation.
In fact, these parameters determine, to a certain extent, both the design and economic details of
biomethane plants. A huge quantity of the sludge produced by paper mills is considered as one of the
most serious environmental problems [5]. In general term, we use the anaerobic batch tests as standard
method for the determination of methane yield potential [6]. Structured kinetic models are used for the
simulation of biomethane production from anaerobic treatment by biodegradation of RPPS and RPPW
to produce renewable energy. The structured models include multiple stages of the material
degradation in CSTR reactors which have made it possible to predict the actual response of the process.
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[7,8]. Compared to the Richards, Logistic, Gompertz and Cone model, the modified Gompertz model
was commonly used as it was correlated with four biochemical reaction parameters, A, Um, A and R.
The Kinetic study of mesophilic AD show that the corresponding equations could be used for design
CSTR for digesting organic wastes from pulp and paper industries, food processing industries,
treatment plants wastewater [9,3].

The kinetic model of methane production by AD is a practical way to understand the ultimate
technique of methane production in the standard condition [3]. In the literature, several kinetic studies
of the AD process show an efficient application for monitoring and controlling the stability parameters,
using different kinds of reactors and substrates. The kinetic model equations could be used to predict
dynamic simulation of the AD on the principle of a complex matrix series for constant kinetic values
[9].

The purpose of this paper is to apply kinetic models on the AD process of RPPS and RPPW. The
digester used in this study is a CSTR on batch mode. A number of modified kinetic models as
Richards, Logistic, Gompertz and Cone, have been used to evaluate their applicability on experimental
results of methane production of RPPW and RPPS experiments. In addition, the purpose of this paper
is to describe the Kinetics parameters of methane production.

2. Material and methods

2.1. Inoculum characterization

Starting the process of AD requires the use of an inoculum rich in bacteria that will degrade the
organic matter. The inoculum improves the production of biogas; at the same time it reduces the
retention time. The inoculum used in all experiments comes from a mesophilic anaerobic digester
treating sludge from a wastewater treatment plant in Morocco. Table 1 shows its main
physicochemical characteristics. Initially, the digester was fed with 7g VS / L of inoculum, which is
equivalent to 342 mL.

2.2. Substrate characterization

The sludge and the wastewater used in the experiment were recovered from a recycled pulp and paper
manufactory in Morocco [10,1]. The sludge was kept after gravitational static decantation, at
laboratory scale, in order to eliminate the supernatant and recover only the deposit of the effluent
"sludge". Inoculum, sludge, and wastewater analysis were performed according to the “Standard
Methods for the Examination of Water and Wastewater” (12). Indeed, recent values show that the
COD of pulp and paper effluent corresponds to values in the range of (3770 - 9330mg L™) and BODs
in the range of (816-2495 mg L™ %) [11].

Table 1. Substrates and inoculums characteristics.

Parameters | Unit Inoculum Wastewater Sludge
recycled recycled pulp
pulp and paper and paper

pH - 7.2+0,11 7.5 7.1

COoD mg/I 7741.12 £140 7910.5 9230

BODs mg/I -- 4430.5 6100

COD/BODs | -- -- 151 1.94

Alk mgCaCOs/l 2750 2250 1875

TS g/l 29.05 +0.63 55.70 105.07

VS g/l 9.71+£0.46 35.25 55.22

MS g/l 19.339+0.43  20.457 49.855

VS(%TS) | % 33.42 63.28 52.55
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2.3. The anaerobic digester

The reactor used in the laboratory for AD, consisted of 1L Pyrex CSTR (Continuous Stirred-tank
reactor), equipped with magnetic stirring. It worked in batch mode. This reactor is characterized by
four orifices, the first to insert the substrate, the second one for the ventilation of biogas, the third for
inert gas injection (nitrogen) to maintain anaerobic conditions, and the last one to remove effluents.
The schematic diagram of experimental set up is shown in Fig. 1. [12,3].
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Figure 1. Schematic diagram of CSTR reactor system.

The temperature of reactor was maintained by means of a thermostatic jacket containing water at 37°C
for mesophilic conditions. The volume of methane produced during the digestion process was
measured by using 1L Boyle-Mariotte reservoir connected to the reactor. To remove the CO, produced
during the process, tightly closed bubblers containing a NaOH solution (6 N) were connected between
the two elements. It is necessary sometimes to close the pipe of the NaOH solution that links the
reservoir to the reactor. The methane volume produced can be determined from the volume of water
ejected from the reservoir (volume corrected in STP conditions: 0°C and 1 atm).

2.4. Methane measurement
The produced methane is measured by the displacement of water using a cylindrical gas-meter which
capacity is one liter linked to a graduated tube of the same volume. The volume of water in the tube is
equivalent to the methane produced. The cumulative methane volume is standardized with taking
account the effect of atmospheric pressure, the water vapor temperature, and the pressure of the room
at the time of measurement, the results are expressed under normal conditions (0 ° C at 760 mm Hg)
[13].
The temperature is determined by means of the thermometer, the pressure is considered as constant
throughout the process, which is equal to the atmospheric pressure. From the law of perfect gases,
expressed under normal and experimental conditions:

At normal condition:

PV, =nRT,
With:
-5 ()
7,

N



ICIPCE 2020 IOP Publishing
IOP Conlf. Series: Materials Science and Engineering 946 (2020) 012009 doi:10.1088/1757-899X/946/1/012009

At ambient conditions:
Py =nRT,
With:
PV

K="r2 (2)
TA’

The relation (1) and (2) we have:
PA’VA’ — PNVN (3)

T}E N
The final formula obtained to be applied is:
P _-P)T
AL LN A0
P}V ®

With:
Vn: Normal volume of methane (0 ° C, 1 atm) (NmL), Vr: Volume of real methane (mL), Py: Pressure
at normal conditions (0 ° C, latm), Pgr: Actual pressure at experimental conditions (mbar), Pum:
Atmospheric pressure in mmHg. P: Vapor pressure at room temperature mmHg, Ty: Temperature at
normal conditions (0 ° C (273 K), 1atm), Tr: Actual temperature at experimental conditions (° C (K))
[14].

2.5. Sigmoidal models

A number of sigmoidal models are found in the literature; such as the Gompertz, Richards, Standard
and Logistic models [14,15]. Modeling microbial growth can evaluate several parameters; such as
specific growth rate and latency. The bacterial growth curve showed the minimal phase (in our case
zero) and the enhancement of the maximum rate of growth () in the case named as lag phase (&)
[16]. Thus, when the Bacterial growth reaches its limit, this shows that the growth curve reaches the
maximum limit A [16].

The following curve shows three essential parameters for understanding the biological process of
organic matter degradation. pp, presents the tangent of the linear curve during methane production; A
shows the intersection of the curve with the x-axis, and a shows the intersection of the curve with the
y-axis (also presents the maximum cumulative methane).

In(N/No )

Figure 2. Typical curve of methane production



ICIPCE 2020 IOP Publishing
IOP Conlf. Series: Materials Science and Engineering 946 (2020) 012009 doi:10.1088/1757-899X/946/1/012009

Table 2. Models use in bacterial growth and their modified forms according to Zwietering et al. [13].

I\/Ioc!el_ Equation Modified eguation
R R e " e # e e2)
e ] P v
Richards

reetprveteeal | iy s o]

Stannard - -1
y:a{1+expl}%:l} y:A{1+Vexp(1+1/)_exp|:‘%"(l+f’)[l+ ;)-(l—t)]}[ )
Cone a B A

Tl HRCH

Y: cumulative specific methane production (mLCH, g VS/L), A: maximum specific methane
production potential (MLCH,/gVS), um: max. Specific methane production rate (mLCH,/gVS.d), e:
Exp (1), A: lag-phase (days), t: incubation time (days), v: shape coefficient.

These two equations are used from the kinetics study of author Dong Li, Kinetics of methane
production and hydrolysis in AD of corn stover, to give a relationship between methane production
and organic matter degradation in terms of volatile solids [17].

y_Aexp{exp[ﬂ:;e(/lt)Jrl ®)
VS, = VS Py = PS ) rexp(—K , % 7) (6)

Where VSt is the total VS content (g/L), VSyg is the non-biodegradable VS content (g/L, or % VSy),
VSt isthe initial total VS.

Adjustment of the pairs of experimental data (t, VSt,t) by non- linear regression allowed the
calculation of the fraction of VSyg and Ky g.

3. Results and discussion

In order to characterize the kinetics of the two experiments, and thus to facilitate the comparison
between the different kinetic models applied to the production of methane; the previous models were
used to adjust the experimental data. Figure 3 shows the variation of the accumulated methane volume
as a function of time for the two types of the treated substrate. The results show that methane
production increases with increasing time. This phenomenon is due to the organic matter degradation,
which emerges in form of biogas in 26 days. This is equal to the substrate degradation time for both
waste types. The methane yields in this study were higher than that of previous studies [18]. The
methane yield increased in 10 days from 0.003 to 0.09 L CH4/g COD.
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Figure 3. Cumulative methane production of: (a) RPPS, (b) RPPW.
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The volume of methane produced is an important parameter used for the control and monitoring of the
AD process. Indeed, a substantial production of methane reflected the proper functioning of the
digester. Figure 3 represents the total volume of methane produced for both: AD of RPPS and RPPW.
The efficient method to determine the methane production for different organic matter concentrations

is the kinetic study using a several models [17].

The figure shows a rapid evolution of methane production with a high rate of bacteria growth during
the first 10 days, which means that the bacteria are well adapted to the substrate. This growth rate
decreases during the last days for both experiments.
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Figure 4. Experimental methane:(a) methane production rate during the AD of sludge recycled paper
mill, (b) methane production rate during the AD of wastewater recycled paper mill.

The results of the simulation of methane-produced volume are illustrated in Figure 4. The results show
that the simulations are in agreement with the experimental results. However, the little variations
observed are related to the change in organic matter degradation and the substrate nature.

Figure 4 shows the variation of the simulated and experimental results of the produced methane
volume over time. This depends on the nature, composition, and biodegradability of industrial waste.
In this study, two equations were applied for the experimental data to test which was compatible with
our case study. The graph shows the experimental data and the simulation of Gauss and Lorentz
equation. We deduce from the correlation vector and the variables of each equation that Lorentz is
well adjusted to our study by a correlation vector of R? equal to 97.1%, which is higher than the one of
Gauss which is equal to 94.71%. In this case, for experimental data of recycled wastewater paper mill;

Lorentz equation is compatible by a correlation vector equal to 95.54% which is higher than the one of
Gauss which is equal to 93.01%.

3.1. Kinetic study of methane production

Table 3 shows the values of the kinetic models used, as well as their standard deviations obtained in
the two experiments. The standard deviations are respectively less than 5% and 10% for both types of
waste studied. This suggests that the proposed models are well adjusted to the experimental data. The
authors summarize the adjustment errors of 10% or month is a good adjustment for methane
production obtained from the kinetic study by deferent model [19, 20].

The table shows the kinetic model variables applied to the experimental result. Each model gives an
idea of the quantity of methane produced as a function of eliminated gVS; the volume of methane
produced each day, and the hydraulic retention time A (day).
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Table 3. Kinetic parameters of average cumulative methane production curves.

Parameter Models Recycled paper mill Recycled paper mill
wastewater sludge
¥, ~(miCH, 1 gF5) Experimental 691 945
A(mLCH, | gFS) Richards 685.9613.32 937.28+3.17
Logistic 6714458 927.9+4.5
Gompertz 687.13+3.23 94537+ 4.4
Cone 716.37+ 4.99 970.8+8.3
. (mLCH, 1 g¥5.d) Richards 3824125 67.65+9.5
Logistic 6835429 1079428
Gompertz 674+13 106.71+2.23
Cone - -
A(dtays) Richards 2471016 2.84+0.08
Logistic 2.81+0.23 3.06+0.12
Gompertz 2.5+0.1 2.75+0.1
Cone 2.7240.07 3.11610.11
% Richards 0.052 0.376
Logistic - -
Gompertz - -
Cone 0.13 0.138
R? Richards 0.9986 0.9993
Logistic 0.9941 0.9981
Gompertz 0.9987 0.99865
Cone 0.9987 0.99755
%error¥yandd Richards -0,73 -0,82
Logistic -2,84 -1,81
Gompertz -0,56 0,04
Cone 3,67 2,73

From the result obtained by the kinetic study of recycled pulp and paper sludge with nonlinear
regression, we observe that the theoretical methane volume varies between 927.9 to 970.8 mL CH,/
gVs, the correlation vector is between 99.755% to 99.934%, and the time required for the degradation
of organic matter is from 2.75 to 3.116 days. It can be concluded from these results that the model of
Gompertz fits the experimental data because the difference between the experimental and theoretical
value given by this model is very low compared to other models. In the literature indicate that the most
frequently used kinetic model for methane production is the Gompertz model [21,22,23].

From the results obtained by the kinetic study of recycled pulp and paper wastewater with nonlinear
regression, we observe that the theoretical methane volume varies between 695.96 to 716.37 ml CH,/
gVs, the correlation vector is between 99.405 % to 99.876 %, and the time required for the
degradation of organic matter is from 2.47 to 2.81 days. From the results, we concluded that the model
of Gompertz fits the experimental data. The difference between V, and A (the theoretical volume) is -
0.56, which is very low compared to Richards, Logistic, and Cone models. The volume of methane
produced per day for each experiment of sludge and wastewater from recycled pulp and paper,
respectively, are 67.65 to 106.71 mL CH,/g VS and 38.24 to 68.35 mL CH./g VS.

3.2.  Gompertz kinetics of hydrolysis and methane production

Fig. 5 displays both the experimental and simulated VSt and G  according to Eq. (6) and (7). The
hydrolysis kinetic model of Eq. (6) did not fit the experimental data for both the recycled pulp and
paper sludge and wastewater (RPPS, RPPW). Unfortunately, the experimental value of VSt
continued to fall, whereas the fitted curve leveled off. The values of VSyg obtained using Eq. (6) were
much greater than the experimental final VSt. We concluded that Eq. (7) was not a good description
of the entire hydrolysis process.
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Figure 5. Gompertz kinetics of hydrolysis and methane production of: (a) RPPS, (b) RPPW

This phase, which is considered as the Kkinetic limiting step of the organic matter anaerobic
degradation, is not a biological step strictly speaking, but a substrate reaction preparation step.

The hydrolysis rate under the best conditions depends mainly on the amount of material that remains
to be hydrolyzed because the enzymes are in excess relative to the substrate. Under these conditions,
its kinetics is comparable to that of a chemical-type reaction.

The hydrolysis constants determined experimentally for different types of organic matter, these
constants result from analyzes of the substrate consumption or the production of VFA or even of
biogas, under conditions allowing for hydrolysis kinetics determination. This is the case, for example,
for methane production measurements which were carried out during the tests under controlled
conditions in which all the limiting factors presented previously have been controlled and where
hydrolysis proves to be effectively the same. Kinetically limiting step, that is to say in particular where
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acidogenesis or methanogens are not [24]. Kinetics determined in this way has already been applied to
the production of methane obtained on different fractions of RPPS and RPPW from PBM tests.

The Kinetic study built on the basis of various experimental results and describing the anaerobic
degradation in two successive stages, has generally made it possible to account for these different
phenomena. This representation was therefore sufficient to allow a relatively fine description of
anaerobic degradation under laboratory conditions, taking into account the necessary balance between
the main microbial populations.

4. Conclusion

A mesophilic AD of wastewater and sludge recycled paper mill was evaluated using a 1-liter lab-scale
CSTR anaerobic digesters. In this study, the Gompertz model shows a perfect fitting in kinetic
modeling with a difference between V, and A (0.04 and -0.56) for Sludge paper mill and wastewater
respectively. Modified Gompertz model provided best fit for experimental data. From the results of
wastewater paper mill experimental data, we conclude that Lorentz is better adjusted to our study by a
correlation vector of R? which is higher than Gauss. The ultimate methane production and the
corresponding digestion time could only be understood thanks to the kinetic model of methane
production.

5. Reference

[1] 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,.»
Biotechnology Reports 25 (2020): 0402,.

[2] Bakraoui M, Hazzi M, Karouach F, Ouhammou B, El Bari H. Experimental biogas production
from recycled pulp and paper wastewater by biofilm technology Biotechnol Lett, 2019;
41:1299-1307 DOI 10.1007/s10529-019-02735-w

[3] Bakraoui M, Karouach F, Ouhammou B, Aggour M, Essamri A, El Bari H, Kinetics study of the
methane production from experimental recycled pulp and paper sludge by CSTR technology,
Journal of Material Cycles and Waste Management, 2019; https://doi.org/10.1007/s10163-019-
00894-6,

[4] Raaz Maheshwari and al, Analysis of effluents released from recycled paper industry, Journal of
Advanced Scientific Research, 2012, 3 (1): 82-85

[5] Rosazlin Ah, CheFauziahlshak, Wan RasidahKadir, and Rosenani Abu Bakar, 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(8): 9314 9329
doi: 10.3390/ijerph120809314

[6] Adl M, Sheng K, Gharibi A. Technical assessment of bioenergy recovery from cotton stalks
through anaerobic digestion process and the effects of inex- pensive pre-treatments. Appl Energ
2012;93:251e60.

[7] Batstone DJ, Keller J, Angelidaki I, Kalyuzhnyi SV, Pavlostathis SG, Rozzi A. The IWA
anaerobic digestion Model no 1 (ADM1). Water SciTechnol 2002;45(10):65e73.

[8] Siegrist H, Vogt D, Garcia-Heras JL, Gujer W. Mathematical model for meso-and thermophilic
anaerobic sewage sludge digestion. Environ SciTechnol 2002;36(5):1113e23.

[9] Yungin L, Dehan W, Qing L, Lijian H. Kinetic study of mesophilic anaerobic digestion of pulp
& paper sludge-biomass and bioenergy 35 (2011)

[10] Bakraoui M, El Gnaoui Y, Lahboubi N, Karouach F, El Bari H,. «Kinetic study and experimental
productions of methane production from UASB reactor treating wastewater from recycled pulp
and paper for the continuous test.» Biomass and Bioenergy, 2020: 139.

[11] Zarkovié et al., D. Zarkovié, M. Krgovié, Lj. Rajakovi¢.Rationalization of water consumption in
paper industry, Chem Ind, 2004; 8: 327-337.

[12] B. Mohammed et al., "Effect of Thermal Pretreatment on Anaerobic Digestion Performance of
Recycled Paper Sludge," 2019 7th International Renewable and Sustainable Energy Conference
(IRSEC), Agadir, Morocco, 2019, pp. 1-6, doi: 10.1109/IRSEC48032.2019.9078230.

[13] Handbook of Chemistry and Physics, (2004-2005). CRC PRESS, D. R. LIDE.

10


https://www.ncbi.nlm.nih.gov/pubmed/?term=Abdullah%20R%5BAuthor%5D&cauthor=true&cauthor_uid=26262636
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ishak%20CF%5BAuthor%5D&cauthor=true&cauthor_uid=26262636
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kadir%20WR%5BAuthor%5D&cauthor=true&cauthor_uid=26262636
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bakar%20RA%5BAuthor%5D&cauthor=true&cauthor_uid=26262636
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4555282/
https://dx.doi.org/10.3390%2Fijerph120809314

ICIPCE 2020 IOP Publishing

IOP Conlf. Series: Materials Science and Engineering 946 (2020) 012009 doi:10.1088/1757-899X/946/1/012009

[14]
[15]
[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

Altas L, Inhibitory effect of heavy metals on methane-producing anaerobic granular sludge, J.
Hazard. Mater, 2009; 162: 1551-1556, http://dx.doi.org/ 10.1016/j.jhazmat.2008.06.048.
Zwietering MH, Jongenburger 1, Rombouts FM, Riet KV. Modelling of the bacterial growth
curve, Appl. Environ.Microbiol, 1990;56: 1875-1881. DOI: 0099-2240/90/061875-07$02.00/0.
Aidan W, Niamh P. Modelling methane production kinetics of complex poultry slaughterhouse
wastes using sigmoidal growth functions,Renewable Energy, 2017; 104: 50-59

Dong Li, Xianbo H, Qingjing W, Yuexiang Y, Zhiying Y, Zhidong L, Yajun H, Xiaofeng L.
Kinetics of methane production and hydrolysis in anaerobic digestion of corn stover, Energy,
2016; 102: 1-9

Haider MZ, SitiRoshayu H, NQZ , Hamidi AA, Irvan D. The start-up performance of modified
anaerobic baffled reactor (MABR) for the treatment of recycled paper mill wastewater,Journal
of Environmental Chemical Engineering, 2013; 61-64

Raposo F, Borja R, Martin MA, Rubia MAD et Rincén B. Influence of inoculum- substrate ratio
on the anaerobic digestion of sunflower oil cake in batch mode: Process stability and kinetic
evaluation. Chem. Eng. J, 2009; 149: 70-77.

Budiyono, Igbal Syaichurrozi and SiswoSumardiono, Kinetic Model of Biogas Yield Production
from VinasseatVariouslnitialpH: Comparisonbetween Modified Gompertz Model and First
Order Kinetic Model, Research Journal of Applied Sciences, Engineering and Technology,
2014; 7(13): 2798-2805,

Patil JH, Raj MA, Muralidhara PL, Desai SM, Mahadeva RGK. Kinetics of anaerobic digestion
of water hyacinth using poultry litter as inoculum, Int. J. Environ. Sci. Dev. 2012; 32: 94-98,
http://dx.doi.org/10.7763/ 1JESD.2012.V3.195.

Ghatak MD, Mahanta P. Comparison of kinetic models for biogas production rate from saw dust,
Carbon 2014; (3) 248-254, http://dx.doi.org/ 10.15623/ijret.2014.0307042.

Bakraoui M, Karouach F, Belhadj S, Joute Y, Ouhammou B, Aggour M, Essamri A, El Bari H.
Modified Gompertz kinetic study of methane production from anaerobic digestion of recycled
paper mill sludge, 26th European Biomass Conference and Exhibition: 14-17 May 2018,
Copenhagen, Denmark, 849 — 854p.

Sanders TM, Veeken AHM, Zeeman G. & Van Lier JB. Analysis and optimisation of the
anaerobic digestion of the organic fraction of municipal solid waste, chap. 3, In:
MATAALVAREZ Eds. Biomethanization of the organic fraction of municipal solid waste,
London : IWA publishing, 2003; 313 p.

Acknowledgments

The authors are very grateful to IRESEN (Institut de Recherche en Energie Solaire et Energies
Nouvelles- www.iresen.org) for funding this research to become a Project “InnoThermo-InnoBiomass
Digester 14”.

11



