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Abstract

The production processes of the pulp and paper industry often run in campaigns, leading to large variations in the composi-
tion of wastewaters and waste sludges. During anaerobic digestion (AD) of these wastes, the viscosity or the production
of extracellular polymeric substances (EPS) and soluble microbial products (SMP) may be affected, with the risk of foam
formation, inefficient digester mixing or poor sludge dewaterability. The aim of this study was to investigate how viscos-
ity and production of EPS and SMP during long-term AD of pulp and paper mill sludge is affected by changes in organic
loading rate (OLR) and hydraulic retention time (HRT). Two mesophilic lab-scale continuous stirred tank reactors (CSTRs)
were operated for 800 days (R1 and R2), initially digesting only fibre sludge, then co-digesting fibre sludge and activated
sludge. The HRT was lowered, followed by an increase in the OLR. Reactor fluids were sampled once a month for rheologi-
cal characterization and analysis of EPS and SMP. The production of the protein fraction of SMP was positively correlated
to the OLR, implicating reduced effluent qualities at high OLR. EPS formation correlated with the magnesium content, and
during sulphate deficiency, the production of EPS and SMP increased. At high levels of EPS and SMP, there was an increase
in viscosity of the anaerobic sludges, and dewatering efficiency was reduced. In addition, increased viscosity and/or the
production of EPS and SMP were important factors in sludge bulking and foam formation in the CSTRs. Sludge bulking
was avoided by more frequent stirring.

Keywords Rheology - Extracellular polymeric substances - Soluble microbial products - OLR - Sludge bulking

Introduction

Rheological properties of sludge (e.g., viscosity) affect
several important parameters in waste treatment processes,
such as pumping, mixing and sludge dewatering [1, 2].
More specifically, increased viscosity during anaerobic
digestion (AD) may negatively affect mixing efficiency,
leading to dead zones and decreased process performance
[3]. Most research on the factors affecting sludge rheol-
ogy so far addressed activated sludge, primarily showing
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a positive correlation between viscosity and the amount of
total solids (TS) [4-7]. For AD sludges, however, additional
regulators for sludge viscosity have been identified, such
as temperature [8], substrate type [9] and hydraulic reten-
tion time (HRT) [10]. At pulp and paper mills, the produc-
tion processes are often run in campaigns to meet product
demands, i.e., switching between bleached and unbleached
pulp production and using different raw materials. This leads
to variations in the composition of wastewaters and waste
sludges (i.e., fibre sludge, activated sludge), which, when
used as substrates for AD, affect the microbiological treat-
ment processes and likely alters the rheological properties
of the AD sludge. Furthermore, rheological properties of
fibre suspensions have been well studied [11, 12], showing
that rheology is affected by factors such as the concentra-
tion of fibres in the liquid or fibre length. In addition, AD
of waste-activated sludge (WAS) from the pulp and paper
industry has been associated with viscosity-related issues,
such as incomplete mixing [13]. Anaerobic co-digestion
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of fibre sludge and activated sludge is, therefore, a process
where viscosity might play an important role for the process
performance, and the anaerobically digested sludge should
thus be rheologically characterized.

Other factors that may be affected by fluctuations in the
substrates to AD are the microbial formation of extracel-
lular polymeric substances (EPS) and soluble microbial
products (SMP) during AD. EPS comprise a wide group of
biopolymers mainly consisting of carbohydrates, proteins,
humic substances, and lipids (reviewed by [14]). SMP are
cellular components that have been released from micro-
bial cells either by diffusion/excretion over the membrane
or by cell lysis [15]. The microbial production of EPS is
dependent on several parameters, such as the availability of
nutrients and changes in temperature and pH [16], while the
production of SMP during AD has been shown to increase in
response to toxicity, nutrient deficiency or rapid changes in
organic loading rate (OLR) [17-19]. Thus, the formation of
EPS and SMP is likely sensitive to changes in the substrate
composition. The presence of loosely-bound EPS has been
shown to decrease the settling ability and dewatering abil-
ity of activated sludge as measured by the sludge volume
index and specific resistance to filtration [20] and may lead
to foaming during AD (reviewed by [21]), which is why
increasing the understanding of the causes for its formation
is of importance.

Furthermore, there are indications of a relationship
between the presence of EPS/SMP and the viscosity of lig-
uids. The importance of EPS in flocculation and biofilm for-
mation is widely recognized (reviewed by [16, 22]), and the
functional property of EPS to increase the viscosity in lig-
uids has many industrial applications, for example in dairy
products [23] or as a gelling or stabilizing agent in foods or
personal care application products [24]. A positive relation-
ship of viscosity to the concentration of EPS has been indi-
cated for activated sludge [25], but if a similar relationship
exists in AD sludges has to the authors’ knowledge not yet
been shown.

Therefore, an investigation of viscosity and production
of EPS and SMP during AD of kraft mill fibre sludge and
activated sludge was performed to study how these factors
are affected by HRT and/or OLR during long-term AD.

Materials and methods

Anaerobic digestion and sludge sampling

Two lab-scale CSTRs (R1 and R2) with working volumes
of 4 L were operated for 800 days at 37 °C, as described by
[26]. The substrates used were fibre sludge from the pri-

mary clarification and activated sludge from the secondary
treatment of two kraft pulp and paper mills. To enable the
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necessary HRT needed for a full-scale AD application,
sludge thickening and sludge recirculation were applied.
The reactor experiment was divided into four phases: (i)
both R1 and R2 digested fibre sludge (day 1-36); (ii) R1
continued to digest fibre sludge, while R2 co-digested fibre
sludge and activated sludge (supplied to a TS ratio of 11:1
for fibre sludge to activated sludge), and the OLR was
increased stepwise from 0.5 to 3 g VS/L-day (day 37-183);
(iii) both reactors co-digested fibre sludge and activated
sludge and the OLR was increased temporarily from 3 to
4 g VS/L-day, then back to 3 g VS/L-day (day 284-461);
and (iv) the HRT was lowered from 8 to 4 days at main-
tained OLR, followed by an increase in the OLR from 3 g
VS/L-day to 4 g VS/L-day (day 462—-800). Every change
was first imposed in R2, with R1 acting as a control.

pH was controlled by additions of Ca(OH),, and from
day 49, part of the Ca(OH), was replaced by MgO to
increase the concentration of magnesium in the reactors.
For details on the feeding procedures, see Ekstrand et al.
[26]. Nitrogen and phosphorus were supplied at a ratio of
350:5:1 for COD:N:P, where COD is the chemical oxygen
demand of the substrate. Sulphate was added from day 128
at 15 mg/L-day to avoid sulphur deficiency, as indicated
by a rapid drop in the levels of H,S in the produced biogas
from day 100. To investigate if sulphate supplementation
could be discontinued, it was decreased stepwise until day
374, after which no sulphate was added. This resulted in
heavy foaming, so additions of sulphate were resumed at
10 mg/L-day from day 412.

Sludge was mixed by intermittent stirring using a central
3-bladed pitched-blade impeller (& 70 mm, height 30 mm).
Initially, the reactors were mixed 4-5 times a day at 150400
RPM for 15 min. The frequency and duration were adjusted
from day 248 to 20 times a day at 4-min intervals and 400
RPM to avoid fibre accumulation at the surface.

Sludge samples (200 mL) were collected from the reac-
tors once a month for rheological characterization and analy-
sis of EPS and SMP. The samples for rheological measure-
ments were stored at + 4 °C for a maximum of 24 h before
rheological characterization. A previous assessment of the
effect of overnight sample storage on fluid properties showed
no significant changes in the rheological parameters (data
not shown). The samples for extraction of EPS/SMP were
kept frozen at — 20 °C until time of analysis, when they were
thawed at + 4 °C over-night. TS, volatile solids (VS), pH
and volatile fatty acids (VFA) were determined as described
by [26]. Elemental analysis was carried out once a month
for the reactor sludge samples and for every new delivery
of substrate by Eurofins Environment Testing Sweden AB.

Correlation analyses were performed in R [27] by calcu-
lating Pearson correlation coefficients (). In the cases when
the observations were not obtained the same day, they were
grouped by week.
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The concentration of suspended solids in the water
phase (reject water) after centrifugation of the digested
reactor sludge was determined in triplicates according to
Swedish standard method EN 872-1996 using glass filters
(Munktell Glass Microfibre Disc @47 mm).

Rheological characterization

Rheological properties of the digester fluids were deter-
mined using a shear rate-controlled Searle-type rotational
rheometer (RheolabQC, SN80609650) with a CC27-
SN19237 measuring system and a C-LTD80/QC cell
coupled with Rheoplus software (Anton Paar, Ostfildern,
Germany). The measuring system consisted of a concen-
tric smooth cylinder with an inner diameter of 27 mm, an
outer diameter of 29 mm, and a height of 40 mm. Digester
samples (19 mL) were analysed in duplicates or triplicates
at 37 +£0.2 °C, corresponding to the operational tempera-
ture of the CSTRs. The rheological measurements were
made by a modified three-step protocol adapted from
[28], where the shear rate was (1) increased linearly from
0 to 800/s over a period of 800 s, (2) maintained constant
at 800/s for 300 s, and (3) decreased linearly from 800
to 0/s over a period of 800 s. The corresponding shear
stress was registered every 10 s during interval 1 and 3,
and every 60 s during interval 2. The certified viscosity
reference standard Cannon® RT1000 was used for quality
control. Due to the often non-Newtonian character of AD
sludge (a non-linear relationship between shear rate and
shear stress), apparent viscosity () was determined for
two shear rates, i.e., 17,oo at 100/s and 75y, at 300/s. The
shear rates were chosen based on the study by Sindall
et al. [29], which demonstrated local shear rates of up to
100/s in reactors mixed at 200 RPM, whereas the mixing
speed in this study was 150—400 RPM. Shear rates much
lower than 100/s showed high variability in the estimated
shear stress within the triplicate and were, therefore, not
included in the analyses.

EPS and SMP analyses

EPS and SMP extraction was performed as described
by [30], with the following modifications: (i) the reactor
sludge samples were diluted in a phosphate buffer solution
and centrifuged at 12 000-g for 20 min at +4 °C; (ii) the
supernatant was used for SMP analysis, and the pellet was
re-suspended in a 200-mL phosphate buffer solution (pH 7)
in baffled plastic beakers (500 mL) for EPS extraction; (iii)
a cation exchange resin (CER: Dowex® Marathon C, Na*
form, Sigma-Aldrich) equal to 80 g CER/g VS was added
followed by extraction at 300 RPM on a platform shaker
(4 °C) for 18 h and after the extraction, the samples were
centrifuged at 12 000-g for 20 min.

The concentrations of proteins and polysaccharides were
analysed by a modified Lowry method [30] and the Anthrone
method [31], respectively, using a UV/VIS spectropho-
tometer (Ultraspec 2100 pro, Biochrom Ltd, Cambridge,
UK). The extracted EPS was quantified as proteinaceous
EPS (EPSp) and polysaccharide EPS (EPSc), and the SMP
was quantified as proteinaceous SMP (SMPp) and polysac-
charide SMP (SMPc). Bovine serum albumin (BSA) and
glucose were used as protein and polysaccharide standards,
respectively, to determine BSA- and glucose-equivalent con-
centrations of proteins and polysaccharides in the EPS and
SMP fractions. All extractions and analyses were made in
triplicates, using three subsamples from each reactor sample.

Results and discussion

EPS and SMP

Of all the investigated parameters, only the production of
SMPp was significantly correlated to OLR (Table 1, Fig. 1a,
b). This can be an important factor to take into consideration,
as SMP are soluble and will lead to reduced treatment effi-
ciencies (i.e., increased COD content in the effluent waters).

Table 1 Pearson coefficients for the significant correlations of extracellular polymeric substances (EPS) and soluble microbial products (SMP)
to organic loading rate (OLR), hydraulic retention time (HRT), magnesium (Mg) and suspended solids (SS) in the effluent after centrifugation

EPSp EPSc SMPp SMPc

R1 R2 R1 R2 R1 R2 R1 R2
OLR 0.62%* 0.62%*
HRT —0.54* - 0.57*
Mg 0.54%%* 0.44%* 0.47* — 0.58%* 0.66%* 0.44%
SS 0.65%* 0.76%* 0.66%*

Changes in OLR and HRT were first implemented in reactor 2 (R2) using reactor 1 (R1) as a control, after which OLR and HRT were also
changed in R1. Numbers denoted with * are significant at p <0.05 and ** at p<0.01
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EPSp, SMPc, and to some extent EPSc, also responded to
changes in OLR, but primarily as peak increases following a
change in OLR (Figs. 2a—c, 3b, d). This has been indicated
previously in activated sludge processes, where the produc-
tion of EPS increased temporarily after imposing changes in
OLR [20]. Similarly, a temporary increase in production of
SMP has been observed after peak additions of glucose in
anaerobic chemostats [19], and a study on batch AD of pro-
pionate, butyrate and glucose showed a dependency of the
EPS production on the food to microorganism ratio (F/M)
[32]. It is possible that when the OLR was first increased and
the F/M ratio was high, the microorganisms responded by
increasing the EPS production. Then, as the microorganisms
increased in numbers over time due to the higher availability
of substrate, the F/M ratio decreased and the EPS produc-
tion was halted, giving rise to the temporary increase in EPS
which was observed in this study.

Furthermore, the production of SMPp was negatively
correlated with HRT (Table 1). The first decrease from an
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EPSp (mg/L)

HRT of 8-6 days had a minor impact on the SMPp produc-
tion only in R2, but after the decrease to 4 days, the level of
SMPp increased in both reactors (Fig. 2b—d). For R1, how-
ever, the SMPp production had already started to increase
before changing the HRT, making the importance of HRT
more difficult to evaluate for this reactor. For R2, it was also
difficult to separate the effect of the last increase in OLR
(day 688-800 for R2) from the last decrease in HRT for R2,
as the production in EPS and SMP remained high between
the two changes.

Overall, it was primarily changes in OLR that contributed
to the EPS and SMP production, showing that this would be
the more important factor to control if EPS and SMP pro-
duction is to be avoided. Though attractive from a methane
production perspective, the combination of a high OLR and
low HRT would be undesirable from a wastewater treatment
perspective, as it led to higher levels SMPp in the effluent.

The concentration of magnesium (mg/kg TS) correlated
positively to EPSp, EPSc and SMPc and negatively to SMPp
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Fig.2 Graph showing a the organic loading rate (OLR), b, ¢ the pro-
tein fraction of the extracellular polymeric substances (EPSp) and
the protein fraction of the soluble microbial products (SMPp), and d

(Table 1). In particular, the concentration of magnesium
was high during the peak in EPS and SMP around day 180
(Online Resource 1). The positive effect of divalent cations
such as magnesium and calcium on the stability of EPS and
its ability to flocculate has been demonstrated in activated
sludge [33, 34]. Also, the negative surface charge on the
particulate material has been shown to increase with the pro-
duction of EPS in anaerobic sludge [32], suggesting that the
cation bridging seen in EPS in activated sludge could also
occur in anaerobic sludge. Furthermore, Mg was supplied
at constant levels and the variation of the Mg content of the
substrate was small. Therefore, the accumulation of Mg in
both reactors showed that Mg was retained in the sludge
when the levels of EPS were high, possibly due to negatively
charged EPS. Similarly, there was a negative correlation of
Mg to SMPp, which could be explained by the mechanism
of EPS disintegrating to SMPp. However, more frequent
measurements of EPS and SMP content would be required
to confirm this mechanism. In summary, the results showed
that increased formation of EPS could have more adverse
effects on the sludge properties in the presence of Mg.
Dewatering properties of the reactor sludges after
AD were not assessed quantitatively in this study, but a
decreased separation efficiency during centrifugation was
observed when levels of EPS and SMP were high, most
notably around days 180 and 390. A positive correlation of
EPSp, EPSc and SMPc to the concentration of suspended
solids in the effluent was observed for R2 but not for R1
(Table 1, Fig. 1c, d). A possible explanation for the differ-
ence could be that activated sludge was added only to R2
during days 37-283, which led to higher concentrations of
suspended solids in the effluent of R2 during that period.

g 400
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5

o 100
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the hydraulic retention time (HRT) for reactor R1 and R2 over time
(days). The vertical lines marks where the production of EPS and/or
SMP increased after the OLR was increased. Conc. concentration

High levels of suspended solids in the treated water are
unwanted, as it leads to poor effluent qualities.

A recognized problem with the extraction of EPS and
SMP is that they are both diverse groups of biomolecules
and their composition may vary considerably between differ-
ent microbial populations and environments, and potentially
also within the same system. The use of BSA and glucose as
standards may lead to overestimations in the amount of pro-
teins and carbohydrates, making the quantification uncertain
[35, 36]. However, as this study was performed over a long
period of time using the same substrate as a base, the errors
are likely to be smaller than if a comparison between differ-
ent systems would be performed. Yet, the obtained values
should be taken as indications of changes and a qualitative
assessment of the proteins and carbohydrates present in the
system, rather than an exact quantitative determination. Fur-
ther, the method used for extraction of EPS in this study is
more efficient for proteins compared to carbohydrates [30],
thus, the true ratio of carbohydrates to proteins is likely
underestimated for the sludge. For a more comprehensive
extraction of EPS, several different extraction methods may
be used, however, the chosen method was suitable to study
qualitative changes in EPS over time.

Viscosity

In general, the rheological characterization of the reactor
sludges of R1 and R2 during AD of pulp and paper mill
sludges showed low apparent viscosities, i.e., 1-5 mPa-s
(Fig. 3e, f). The values were lower than reported apparent
viscosities for reactor sludge receiving other types of sub-
strate, e.g., food waste and slaughterhouse waste [9, 37],
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indicating a lower power consumption for achieving com-
plete mixing compared to the full-scale processes studied by
Bjorn et al., [9]. The flow curves of the two reactors were
similar, showing close to Newtonian behaviour with no or
low yield stress (not shown). This means that there is minor
formation of internal structures when the liquid is at rest,
which is why the process may be suitable for intermittent
mixing. In addition, the risk of cavern-formation around the
impeller and the presence of stagnant zones is low at low
yield stress conditions [38].
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On some occasions, both reactors experienced an increase
in viscosity. This was particularly evident around days
180-250, when the apparent viscosities reached values
around 500-700 mPa-s at a shear rate of 300/s. This severely
affected the mixing efficiency, which will be discussed more
in detail below. Correlation analysis showed, contrary to the
literature on the viscosity of activated sludge [5-7], that the
increase in viscosity of the reactor sludges during AD of
fibre sludge and activated sludge was not correlated with
TS. This confirms recent observations that the general rela-
tionship between TS and viscosity seen for many types of
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activated sludge cannot be used to predict the viscosity of
all types of AD sludges [9]. Thus, other parameters should
be looked for to predict viscosities for AD of sludges from
pulp and paper wastewater treatment.

To some extent, the concentrations of EPS and SMP over
time seemed positively related to viscosity (Fig. 3). This was
in particular indicated around day 180 in both reactors, and
around days 708 and 682 for R1 and R2, respectively. As
the OLR was increased in the period up to the first peak in
viscosity, and HRT was decreased before the peaks around
day 700, these factors cannot be excluded as contributors
to the increased viscosity. However, a previous study dem-
onstrated a positive relationship between EPS concentra-
tion and viscosity for activated sludge [25]. This together
with the extensive use of EPS in industrial applications to
increase the viscosity in liquids supports that a similar posi-
tive relationship may also exist in anaerobic sludge.

Sludge bulking and foaming

Generally, viscosity and/or the presence of EPS and SMP
affected foaming/bulking during AD of fibre sludge by
different mechanisms. The drastic increase in viscosity,
EPS and SMP during days 170-250 coincided with severe
sludge bulking in both reactors, where fibres and produced
gas were trapped in the sludge bed, leading to an expanded
sludge volume and formation of sludge layers after mixing.
To prevent the build-up of gas bubbles and the subsequent
formation of bulking layers of fibre and digester sludge dur-
ing the fast gas release, the stirring frequency and duration
were adjusted. Within 2 days, the sludge accumulation on
the surface had disappeared. The reason for the particularly
high increase in viscosity during this period could be related
to the elevated concentration of Mg as discussed above. This
explanation is supported by the observation by [39], who
demonstrated an elevated viscosity after the addition of EPS
to a solution of Mg. Thus, the increase in EPS concentra-
tions occurring in our reactors at elevated Mg concentrations
is a plausible explanation for the increase in viscosity in
reactor sludges. Another severe foaming event started grad-
ually and culminated during days 390-410 with a frothy,
bubbly foam appearing on the liquid surface of the reactors.
This coincided with a peak in the concentrations of EPSp,
SMPp and SMPc during days 390—430 (Fig. 3a—d) and was
likely brought about by removing sulphate from the substrate
on day 374. The removal led to extensive foaming in both
reactors, but with no effect on the viscosity. Resuming the
addition of sulphate resulted in a decrease in the concentra-
tions of EPSp and SMPp and that foaming seized. Likely, the
microorganisms suffered from a sulphur deficiency, which
induced the excessive production of EPSp and SMPp. This
is in line with previous observations on increased production

of SMPp after induced nutrient deficiency [17]. During the
increased viscosity and sludge-bulking event, there was
a clear increase in all fractions of EPS and SMP (Fig. 3),
whereas primarily the protein fractions increased during the
period of bubbly foaming. This is consistent with the litera-
ture on the surface-active properties of proteins and their
foaming potential [21]. This difference in EPS and SMP
composition could be the reason why there was no effect
on viscosity compared to the increased viscosity seen on
days 170-250 and around day 700, but more detailed analy-
ses would be required to confirm this. Another explanation
could be that much of the EPS and SMP was trapped in the
foam on the surface of the reactor sludges and thereby did
not lead to structural build-up in the sludge as was seen on
days 170-250.

Conclusions

Our study showed that the production of EPS and SMP and
apparent viscosity varied during long-term AD of pulp and
paper mill sludge. Specifically, the production of SMPp
was positively correlated to OLR, with the implication
of reduced effluent qualities at high OLR. From a mill
perspective, where treatment efficiency and staying below
emission levels is more important than optimizing the
methane production, a lower OLR would thus be preferred.
Further, EPSp, SMPc, and to some extent EPSc, responded
to changes in OLR, but primarily as peak increases fol-
lowing changes in OLR. SMPp was negatively correlated
to HRT, but the effect of HRT was not as strong in R1,
therefore, this relationship needs further investigation.
Magnesium was important for EPS formation, possibly
by bridging and strengthening the EPS matrix. It was also
demonstrated that sulphur deficiency increased the produc-
tion of EPS and SMP, and that high levels of EPS and SMP
led to poor dewatering during centrifugation, as measured
by increased levels of suspended solids in the effluent.
Viscosity was generally low during the experiment, but
on some occasions, the viscosity increased in both reac-
tors. The results showed a positive relationship between
viscosity and the production of EPS and SMP. Further, the
increased viscosity and/or the production of EPS and SMP
were important factors in sludge bulking and foam forma-
tion. Increased viscosity led to the entrapment of fibres
and produced gas in the sludge bed, which was avoided by
increasing the mixing frequency. The increased production
of EPSp and SMPp induced by the removal of sulphate
additions caused heavy foaming on the surface of the reac-
tor sludge. Contrary to results on viscosity measurements
in activated sludge, TS did not correlate with viscosity
during AD of pulp and paper mill sludge, confirming that
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solely TS is not enough to predict the viscosity of all types
of AD sludge.

Our results imply that viscosity is an important factor
for sludge bulking and that rheological analyses may be
used to predict and avoid bulking events. In cases when
high viscosity leads to entrapment of gas in the sludge
bed, a change in the mixing protocol may be a fast way to
remedy the situation, decreasing the risk for costly process
disruption and equipment damage.

Acknowledgements Open access funding provided by Linkoping
University. The authors wish to thank the personnel at the pulp and
paper mills for assistance in sampling. The study was funded by the
Swedish Energy Agency (Grant no. 32802-2), Scandinavian Biogas
Fuels AB, Poyry AB, BillerudKorsnds AB, SCA, Fiskeby Board AB
and Purac AB. The work was also supported by the Biogas Research
Center, hosted by Linkoping University, Sweden, funded by its partners
and members, Linkoping University, and the Swedish Energy Agency
(Grant no. 35624-2).

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creativeco
mmons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

1. Baudez JC, Markis F, Eshtiaghi N, Slatter P (2011) The rheologi-
cal behaviour of anaerobic digested sludge. Water Res 45:5675—
5680. https://doi.org/10.1016/j.cej.2012.10.099

2. Ormeci B (2007) Optimization of a full-scale dewatering opera-
tion based on the rheological characteristics of wastewater
sludge. Water Res 41:1243-1252. https://doi.org/10.1016/j.watre
$.2006.12.043

3. Lindorfer H, Demmig C (2016) Foam formation in biogas plants
— a survey on causes and control strategies. Chem Eng Technol
39:620-626. https://doi.org/10.1002/ceat.201500297

4. Markis F, Baudez JC, Parthasarathy R et al (2014) Rheologi-
cal characterisation of primary and secondary sludge: impact
of solids concentration. Chem Eng J 253:526-537. https://doi.
org/10.1016/j.cej.2014.05.085

5. Mori M, Seyssiecq I, Roche N (2006) Rheological measurements
of sewage sludge for various solids concentrations and geom-
etry. Process Biochem 41:1656-1662. https://doi.org/10.1016/J.
PROCBIO.2006.03.021

6. Sanin DF (2002) Effect of solution physical chemistry on the rheo-
logical properties of activated sludge. Water SA 28:207-212. https
://doi.org/10.4314/wsa.v28i2.4886

7. Tixier N, Guibaud G, Baudu M (2003) Determination of some
rheological parameters for the characterization of activated sludge.
Bioresour Technol 90:215-220. https://doi.org/10.1016/S0960
-8524(03)00109-3

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Lotito V, Lotito AM (2014) Rheological measurements on differ-
ent types of sewage sludge for pumping design. J Environ Manag
137:189-196. https://doi.org/10.1016/J.JENVMAN.2014.02.005
Bjorn A, Safari¢ L, Karlsson A et al (2018) Substrate and opera-
tional conditions as regulators of fluid properties in full-scale con-
tinuous stirred-tank biogas reactors — implications for rheology-
driven power requirements. Water Sci Technol 78:814-826. https
://doi.org/10.2166/wst.2018.352

Battistoni P, Pavan P, Mata-Alvarez J et al (2000) Rheology of
sludge from double phase anaerobic digestion of organic fraction
of municipal solid waste. Water Sci Technol 41:51-59. https://doi.
org/10.1080/09593339109385084

Derakhshandeh B, Kerekes RJ, Hatzikiriakos SG, Benning-
ton CPJ (2011) Rheology of pulp fibre suspensions: a critical
review. Chem Eng Sci 66:3460-3470. https://doi.org/10.1016/j.
ces.2011.04.017

Cui H, Grace JR (2007) Flow of pulp fibre suspension and
slurries: a review. Int J Multiph Flow 33:921-934. https://doi.
org/10.1016/j.ijmultiphaseflow.2007.03.004

Karlsson A, Truong X-B, Gustavsson J et al (2011) Anaerobic
treatment of activated sludge from Swedish pulp and paper mills
— biogas production potential and limitations. Environ Technol
32:1559-1571. https://doi.org/10.1080/09593330.2010.543932
Sheng G-P, Yu H-Q, Li X-Y (2010) Extracellular polymeric sub-
stances (EPS) of microbial aggregates in biological wastewater
treatment systems: a review. Biotechnol Adv 28:882-894. https
://doi.org/10.1016/j.biotechadv.2010.08.001

Noguera DR, Araki N, Rittmann BE (1994) Soluble microbial
products (SMP) in anaerobic chemostats. Biotechnol Bioeng
44:1040-1047. https://doi.org/10.1002/bit.260440904

More TT, Yadav JSS, Yan S et al (2014) Extracellular polymeric
substances of bacteria and their potential environmental applica-
tions. J Environ Manag 144:1-25. https://doi.org/10.1016/j.jenvm
an.2014.05.010

Aquino F, Stuckey DC (2003) Production of soluble microbial
products (SMP) in anaerobic chemostats under nutrient deficiency.
J Environ Eng 129:1007-1015

Aquino SF, Stuckey DC (2004) Soluble microbial products for-
mation in anaerobic chemostats in the presence of toxic com-
pounds. Water Res 38:255-266. https://doi.org/10.1016/j.watre
$.2003.09.031

Aquino SF, Stuckey DC (2004) The effect of organic and hydraulic
shock loads on the production of soluble microbial products in
anaerobic digesters. Water Environ Res 76:2628-2636. https://
doi.org/10.2175/106143004X 141852

Yang S, Li X (2009) Influences of extracellular polymeric sub-
stances (EPS) on the characteristics of activated sludge under non-
steady-state conditions. Process Biochem 44:91-96. https://doi.
org/10.1016/J.PROCBI0.2008.09.010

Ganidi N, Tyrrel S, Cartmell E (2009) Anaerobic digestion foam-
ing causes — a review. Bioresour Technol 100:5546-5554. https://
doi.org/10.1016/j.biortech.2009.06.024

Flemming HC, Wingender J (2010) The biofilm matrix. Nat Rev
Microbiol 8:623-633. https://doi.org/10.1038/nrmicro2415
Ruas-Madiedo P, Hugenholtz J, Zoon P (2002) An overview of
the functionality of exopolysaccharides produced by lactic acid
bacteria. Int Dairy J 12:163—-171. https://doi.org/10.1016/S0958
-6946(01)00160-1

Fialho AM, Moreira LM, Granja AT et al (2008) Occurrence, pro-
duction, and applications of gellan: current state and perspectives.
Appl Microbiol Biotechnol 79:889-900. https://doi.org/10.1007/
500253-008-1496-0

Nagaoaka H, Ueda S, Miya A (1996) Influence of bacterial extra-
cellular polymers on the membrane separation activated sludge
process. Water Sci Technol 34:165—172. https://doi.org/10.1016/
S0273-1223(96)00800-1


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.cej.2012.10.099
https://doi.org/10.1016/j.watres.2006.12.043
https://doi.org/10.1016/j.watres.2006.12.043
https://doi.org/10.1002/ceat.201500297
https://doi.org/10.1016/j.cej.2014.05.085
https://doi.org/10.1016/j.cej.2014.05.085
https://doi.org/10.1016/J.PROCBIO.2006.03.021
https://doi.org/10.1016/J.PROCBIO.2006.03.021
https://doi.org/10.4314/wsa.v28i2.4886
https://doi.org/10.4314/wsa.v28i2.4886
https://doi.org/10.1016/S0960-8524(03)00109-3
https://doi.org/10.1016/S0960-8524(03)00109-3
https://doi.org/10.1016/J.JENVMAN.2014.02.005
https://doi.org/10.2166/wst.2018.352
https://doi.org/10.2166/wst.2018.352
https://doi.org/10.1080/09593339109385084
https://doi.org/10.1080/09593339109385084
https://doi.org/10.1016/j.ces.2011.04.017
https://doi.org/10.1016/j.ces.2011.04.017
https://doi.org/10.1016/j.ijmultiphaseflow.2007.03.004
https://doi.org/10.1016/j.ijmultiphaseflow.2007.03.004
https://doi.org/10.1080/09593330.2010.543932
https://doi.org/10.1016/j.biotechadv.2010.08.001
https://doi.org/10.1016/j.biotechadv.2010.08.001
https://doi.org/10.1002/bit.260440904
https://doi.org/10.1016/j.jenvman.2014.05.010
https://doi.org/10.1016/j.jenvman.2014.05.010
https://doi.org/10.1016/j.watres.2003.09.031
https://doi.org/10.1016/j.watres.2003.09.031
https://doi.org/10.2175/106143004X141852
https://doi.org/10.2175/106143004X141852
https://doi.org/10.1016/J.PROCBIO.2008.09.010
https://doi.org/10.1016/J.PROCBIO.2008.09.010
https://doi.org/10.1016/j.biortech.2009.06.024
https://doi.org/10.1016/j.biortech.2009.06.024
https://doi.org/10.1038/nrmicro2415
https://doi.org/10.1016/S0958-6946(01)00160-1
https://doi.org/10.1016/S0958-6946(01)00160-1
https://doi.org/10.1007/s00253-008-1496-0
https://doi.org/10.1007/s00253-008-1496-0
https://doi.org/10.1016/S0273-1223(96)00800-1
https://doi.org/10.1016/S0273-1223(96)00800-1

Bioprocess and Biosystems Engineering (2020) 43:283-291

291

26.

27.

28.

29.

30.

31.

32.

Ekstrand EM, Karlsson M, Truong X-B et al (2016) High-rate
anaerobic co-digestion of kraft mill fibre sludge and activated
sludge by CSTRs with sludge recirculation. Waste Manag 56:166—
172. https://doi.org/10.1016/j.wasman.2016.06.034

R Core Team (2018) R: a language and environment for statisti-
cal computing. R foundation for statistical computing, Vienna,
Austria. https://www.R-project.org/. Accessed 10 Apr 2019
Pevere A, Guibaud G, van Hullebusch E, Lens P (2007) Identi-
fication of rheological parameters describing the physico-chem-
ical properties of anaerobic sulphidogenic sludge suspensions.
Enzyme Microb Technol 40:547-554. https://doi.org/10.1016/J.
ENZMICTEC.2006.05.010

Sindall R, Bridgeman J, Carliell-Marquet C (2013) Velocity
gradient as a tool to characterise the link between mixing and
biogas production in anaerobic waste digesters. Water Sci Technol
67:2800-2806. https://doi.org/10.2166/wst.2013.206

Frglund B, Palmgren R, Keiding K, Nielsen PH (1996) Extrac-
tion of extracellular polymers from activated sludge using a
cation exchange resin. Water Res 30:1749-1758. https://doi.
org/10.1016/0043-1354(95)00323-1

Wood N, Tran H, Master E (2009) Pretreatment of pulp mill
secondary sludge for high-rate anaerobic conversion to biogas.
Bioresour Technol 100:5729-5735. https://doi.org/10.1016/j.biort
ech.2009.06.062

Jia XS, Fang HHP, Furumai H (1996) Surface charge and extra-
cellular polymer of sludge in the anaerobic degradation process.
Water Sci Technol 34:309-316. https://doi.org/10.1016/0273-
1223(96)00660-9

33.

34.

35.

36.

37.

38.

39.

Tezuka Y (1969) Cation-dependent flocculation in a Flavobac-
terium species predominant in activated sludge. Appl Microbiol
17:222-226

Sobeck DC, Higgins MJ (2002) Examination of three theories
for mechanisms of cation-induced bioflocculation. Water Res
36:527-538. https://doi.org/10.1021/ie050110k

Le C, Kunacheva C, Stuckey DC (2016) “Protein” measurement
in biological wastewater treatment systems: a critical evaluation.
Environ Sci Technol 50:3074-3081. https://doi.org/10.1021/acs.
est.5b05261

Le C, Stuckey DC (2016) Colorimetric measurement of carbo-
hydrates in biological wastewater treatment systems: a critical
evaluation. Water Res 94:280-287. https://doi.org/10.1016/j.watre
$.2016.03.008

Moestedt J, Nordell E, Shakeri Yekta S et al (2015) Effects of
trace element addition on process stability during anaerobic co-
digestion of OFMSW and slaughterhouse waste. Waste Manag.
https://doi.org/10.1016/j.wasman.2015.03.007

Nienow AW (2014) Stirring and stirred-tank reactors. Chem Ing
Tech 86:2063-2074. https://doi.org/10.1002/cite.201400087
Calvo C, Martinez-Checa F, Mota A et al (1998) Effect of cations,
pH and sulfate content on the viscosity and emulsifying activity
of the Halomonas eurihalina exopolysaccharide. J Ind Microbiol
Biotechnol 20:205-209. https://doi.org/10.1038/sj.jim.29005

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/j.wasman.2016.06.034
https://www.R-project.org/
https://doi.org/10.1016/J.ENZMICTEC.2006.05.010
https://doi.org/10.1016/J.ENZMICTEC.2006.05.010
https://doi.org/10.2166/wst.2013.206
https://doi.org/10.1016/0043-1354(95)00323-1
https://doi.org/10.1016/0043-1354(95)00323-1
https://doi.org/10.1016/j.biortech.2009.06.062
https://doi.org/10.1016/j.biortech.2009.06.062
https://doi.org/10.1016/0273-1223(96)00660-9
https://doi.org/10.1016/0273-1223(96)00660-9
https://doi.org/10.1021/ie050110k
https://doi.org/10.1021/acs.est.5b05261
https://doi.org/10.1021/acs.est.5b05261
https://doi.org/10.1016/j.watres.2016.03.008
https://doi.org/10.1016/j.watres.2016.03.008
https://doi.org/10.1016/j.wasman.2015.03.007
https://doi.org/10.1002/cite.201400087
https://doi.org/10.1038/sj.jim.29005

	Viscosity dynamics and the production of extracellular polymeric substances and soluble microbial products during anaerobic digestion of pulp and paper mill wastewater sludges
	Abstract
	Introduction
	Materials and methods
	Anaerobic digestion and sludge sampling
	Rheological characterization
	EPS and SMP analyses

	Results and discussion
	EPS and SMP
	Viscosity
	Sludge bulking and foaming

	Conclusions
	Acknowledgements 
	References




