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Abstract
Cellulose, mostly in the form of toilet paper, forms a major component of the particulates in raw municipal wastewater, which
could lead to significant consequences due to the potential accumulation of cellulosic fibers and slow biodegradability. Despite
the sparse reports on cellulose content and degradation in wastewater and sludge, an accurate and validated method for its
quantification in such matrices does not exist. In this paper, four different methods were compared including dilute acid
hydrolysis, concentrated acid hydrolysis, enzymatic hydrolysis, and the Schweitzer reagent method. The Schweitzer reagent
method, applied to municipal wastewater and sludge, was found to be a very robust and reliable quantification method in light of
its reproducibility, accuracy, and ideal (100%) recovery. The determination of cellulose content is critical to understand its fate in
wastewater treatment plants as well as improve sludge management and enhance resource recovery.
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Introduction

The wastewater treatment industry is evolving from the tradi-
tional goals of effective control of environmental and health
impacts of wastewater discharge to increased sustainability
and decreasing costs by minimizing energy costs and resource
recovery (Ruiken et al. 2013). Typically, organic matter in
wastewater is characterized by surrogate parameters like chem-
ical oxygen demand (COD), total organic carbon (TOC), and
biochemical oxygen demand (BOD) and the main organic con-
taminants have been identified as protein, carbohydrates, and
lipids (Raunkjær et al. 1994). Of the insoluble pollutants in

wastewater treatment plant influents, cellulose, in the form of
toilet paper, has been reported to be a major component which
inadvertently ends up in sewage sludge (Edberg and Hofsten
1975; Verachtert et al. 1982). Toilet paper consumption in
North America amounts to around 1.9 kg per capita per month
(Ruiken et al. 2013). Based on 400 L wastewater produced per
person per day, 220 mg total-suspended-solids (TSS) per liter
wastewater, and the abovementioned statistics on toilet paper
consumption, wastewater can contain up to 158mg toilet paper/
L, that is, about 72% of the TSS. The determination of cellulose
in wastewater is thus indispensable to understand its fate in
wastewater treatment facilities as well as its recovery potential.

Cellulose is the most abundant organic polymer on earth
and is intimately associated with numerous aspects of human
advancements including fuel, shelter, clothing, food, and pa-
per (Bauer and Ibanez 2014; Harris et al. 2010; Olsson and
Westman 2013; Thoorens et al. 2014). Cellulose is considered
a complex carbohydrate very similar to starch and is a linear
polymer of β-1,4-glycosidic bond linked with β-D-glucose
units (Olsson and Westman 2013; Rinaldi and Schüth 2009;
Thoorens et al. 2014). The degree of polymerization (DP),
which is directly related to solubility, is the number of glucose
units in a cellulose chain. Lack of branching and unique con-
formation of hydroxyl groups causes chains of cellulose to
form, and the dense intramolecular hydrogen bonds provide
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chain stiffness forming crystalline structures that are insoluble
in water and most of the common solvents (Bauer and Ibanez
2014; Rinaldi and Schüth 2009). Of the three classes of cellu-
lose,α-cellulose is the pure form of cellulose with high (great-
er than 200) DP whereas β-cellulose (DP less than 30) and γ-
cellulose (DP 50–200) are associated with the hemicellulose
constituent of plant material (Bolam 1965). Microcrystalline
cellulose, also known as Avicel (brand name derived from the
original company name—American Viscose Cellulose), is a
partially depolymerized α-cellulose, prepared by treating α-
cellulose with mineral acids (Thoorens et al. 2014).

Cellulose is a valuable resource which if recovered can be
used for various other applications such as production of fuels
and chemicals, building materials, bioplastics, and flocculants
(Pellizzer 2016; Rinaldi and Schüth 2009). Accordingly, when
it is recovered, sludge disposal costs could be reduced sub-
stantially (Faust et al. 2014; Honda et al. 2002) and oxygen
consumption and concomitant energy use for biodegradation
are eliminated. To this end, new processes and technologies
have been developed and validated at full scale such as the one
based on the Cellvation™ concept, recently developed
through a number of Horizon 2020 European projects (http://
www.cirtec.nl/en/gebruikt-toiletpapier-krijgt-tweede-leven/).
This process, based on the use of the microsieving technology
(e.g., Salsnes Filter), has shown significant potential for
cellulose recovery from raw wastewater with potential
downstream increase in biological processing capacity due to
the removal of COD. Moreover, due to the low extent of
cellulose biodegradability in the aeration tank, the removal of
cellulose and other fiber-like material is expected to lead to
additional operational savings such as lower aeration energy
consumption and secondary sludge production.

However, in order to investigate the fate of cellulose during
wastewater treatment, the lack of accuracy for cellulose deter-
mination in wastewaters and sludges must be addressed. Of
the different methods studied in the literature, acid hydrolysis
and enzymatic hydrolysis of cellulose are the most widely
studied methods. Both methods are based on the principle of
hydrolyzing cellulose to monosaccharides, with the glucose
yield indicating the cellulose content in the sample.

Table 1 summarizes some of the literature studies that ex-
plored one-stage and two-stage acid hydrolysis of cellulose.
Updegraff (1969) observed 100% glucose yield using concen-
trated (72%) sulfuric acid as the hydrolyzing agent. On the
other hand, Camacho et al. (1996), also using concentrated
(70%) sulfuric acid, observed only 32% glucose yield from
microcrystalline cellulose. Gavila et al. (2015) and Kim et al.
(2001) used diluted sulfuric acid for hydrolysis at high tem-
peratures (120 and 205 °C, respectively) but only achieved
about 60% yield of microcrystalline cellulose and α-cellulose,
respectively. Orozco et al. (2007) also studied dilute acid hy-
drolysis of cellulose at higher temperature but by using phos-
phoric acid at 7.5% acid concentration at 160 °C and observed

55% yield. As a final one-step hydrolysis method, Chimentao
et al. (2014) used oxalic acid at 65 and 120 °C for a prolonged
treatment and achieved 85% yield.

Yoon et al. (2014) reported 90% yield in microcrystalline
cellulose using a two-stage acid hydrolysis method (National
Renewable Energy Laboratory, i.e., NREL method). This
NREL method was developed to determine the structural car-
bohydrates and lignin in biomass. The procedure uses a two-
step acid hydrolysis to fractionate biomass into easily quanti-
fiable forms (Sluiter et al. 2012). The first-stage 1-h hydrolysis
uses 72% sulfuric acid that disrupts the crystalline structure of
cellulose resulting in release of glucose units. The 1- to 2-h
second-stage hydrolysis utilizes 4% sulfuric acid digestion
which yields hemicellulosic sugars, i.e., xylose, arabinose,
mannose, and galactose (Bauer and Ibanez 2014; Gao et al.
2014). The glucose yield of these two-stage methods was 90–
93% for pure cellulose and microcrystalline cellulose,
respectively.

Xiang et al. (2003) described acid hydrolysis of cellulose as
a complex heterogeneous reaction involving hydrolytic chem-
ical reaction factors as well as nonreaction factors impacted by
various factors such as state of hydrogen bonding, crystallin-
ity, diffusion barrier, chemical composition, and swelling state
of cellulose. In addition to the abovementioned factors, de-
composition of hydrolysis products (by dehydration) as a sec-
ond step following hydrolysis is another challenge (Rinaldi
and Schüth 2009). Based on the aforementioned studies, it
appears that acid hydrolysis is not the most reliable method
for cellulose determination.

Similarly, varying glucose yields have been observed with
enzymatic hydrolysis depending on the cellulose source test-
ed. While promising and reliable results are obtained using
model cellulosic substrates (like α-cellulose), the results can-
not be extrapolated to Breal^ samples. A number of substrate-
related and enzyme-related effects and their interactions play
an important role in the hydrolysis efficiency and are the most
challenging aspect of this method (Mansfield et al. 1999; Yang
et al. 2011). For instance, cellulose’s structure, crystallinity,
DP, and accessible surface area impact enzyme adsorption
which directly correlates to hydrolysis yields (Mansfield
et al. 1999; Yang et al. 2011). Similarly, enzyme-related fac-
tors, such as thermal instability, product inhibition, and en-
zyme inactivation, have been reported to impact the hydroly-
sis of cellulose (Yang et al. 2011). Consequently, numerous
studies performed different pre-treatments (such as hydrogen
peroxide, potassium hydroxide, sulfuric acid, hydrochloric
acid, and HCl/KOH), prior to enzymatic hydrolysis to depo-
lymerize cellulosic fibers into products with low DP which
facilitate substrate-enzyme contact (Alkasrawi et al. 2016;
Camacho et al. 1996; Champagne and Li 2009; Rinaldi and
Schüth 2009). These pre-treatments have been reported to
enhance end-product yields from 31% to 69% by facilitating
swelling of cellulose that alters the crystalline structure of
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cellulose, decreases the DP, and expands the specific surface
area for enzyme accessibility.

The majority of the research done on acid and enzymatic
hydrolysis treatment has been focused on the industrial hydro-
lysis of cellulose to glucose and cellodextrins (short-chain
cellulose oligomers) with the ultimate goal of producing fuels
and chemicals (Rinaldi and Schüth 2009), and accordingly,
the reliability and accuracy of cellulose measurement was sec-
ondary to final product yield quantification. The Schweitzer
method, named after the Swiss chemist Matthias Eduard
Schweizer (1818–1860), who invented the Schweizer also
called Schweitzer reagent (cuprammonium hydroxide solu-
tion) (Kauffman 1984), developed by Hurwitz et al. (1961)
was originally intended to determine cellulose in sewage
sludge but despite promising recovery of cellulose and good
reproducibility, this method was never further explored in the
literature for wastewater-related research. The aforementioned
authors focussed only on temporal variation of cellulose mea-
surements in activated sludge to correlate that with an opera-
tional problem of fibrous heat-dried activated sludges causing
problems with mechanical equipment, with no attempt of
method validation. In the authors’ opinion, two potential rea-
sons for the lack of further interest in the Schweitzer method
for wastewater applications could be that there was no interest
in determining cellulose in wastewater before and the issue
has only recently garnered attention due to transition in the
wastewater treatment industry towards resource recovery.
Additionally, the authors also believe that researchers nowa-
days no longer search into older journal articles that are not
readily accessible through internet search engines. Although
this reagent did not garner attention in wastewater research,
the Schweitzer reagent has been used successfully in experi-
mental botany research (Fuller and Barshad 1960) as well as
to isolate cellulose from soil samples (Gupta and Sowden
1964). The most widely used application of the Schweitzer
reagent is in the textile industry, i.e., in the production of
synthetic cellulose products such as rayon (Seymour and

Johnson 1976). In contrast to the aforementioned methods,
the Schweitzer method does not depend on the hydrolysis to
glucose. The Schweitzer reagent is an excellent solvent for
cellulose and forms a complex with the cellulose that upon
acidification or in alcoholic conditions, precipitates, allowing
the cellulose to be measured gravimetrically.

The objective of this work was to compare the different
cellulose measurement methods and to determine the most
reliable method for accurate quantification of cellulose in a
complex matrix of wastewater and sludge. A good method
should be reproducible, accurate (no bias with actual cellulose
content), have fixed recovery (preferably 100%), quick or
with little hands-on time, and cheap in terms of chemicals
and equipment. Four different methods were tested for the
abovementioned criteria including dilute acid hydrolysis, con-
centrated acid hydrolysis, enzymatic hydrolysis, and the
Schweitzer method. The underlying principle of the three hy-
drolytic methods is that cellulose is hydrolyzed to glucose.

Materials and methods

For the determination of cellulose, in this paper, four methods
were tested, three of which used hydrolysis followed by solu-
ble product determination, and one gravimetric measurement.
For the identification of the best method for cellulose deter-
mination, the tests were first performed using α-cellulose
(Sigma Aldrich, Ontario, Canada) as a standard to avoid in-
terferences. Thereafter, primary clarifier sludge and sieved
primary sludge (sludges arising from sieving raw wastewater
through a 350-μm sieve) (Sarathy et al. 2015) sample was
used to confirm the performance of the methodology. The
sludge sample was collected from the Greenway WWTP, lo-
cated in London, Ontario, Canada. The average total solid
content of primary clarifier sludge and sieved primary sludge
was 3 ± 0.01% and 5 ± 0.24%, respectively. Both the sludge

Table 1 Literature review of cellulose determination methods

Cellulose type Acid Contact time (h) Temperature (°C) Yield (%) Reference

α-Cellulose 72% sulfuric acid 1 Room temperature 100 (Updegraff 1969)

Microcrystalline cellulose (Avicel) 70% sulfuric acid 20 40 °C 32 (Camacho et al. 1996)

Microcrystalline cellulose (Avicel) 3% sulfuric acid 4 120 °C in a microwave
reactor system

57 (Gavila et al. 2015)

α-Cellulose 0.07% sulfuric acid 0.5 205 °C 62 (Kim et al. 2001)

Cellulose (type unknown) 7.5% phosphoric acid 0.08 160 °C in a microwave
reactor system

55 (Orozco et al. 2007)

Microcrystalline cellulose 6% oxalic acid 6 120 °C 85 (Chimentao et al. 2014)

Microcrystalline cellulose (Avicel)
(two-stage acid hydrolysis)

72% sulfuric acid 1 30 °C 90 (Yoon et al. 2014)
4% sulfuric acid 2 100 °C

Microcrystalline cellulose (Avicel)
(two-stage acid hydrolysis)

72% sulfuric acid 1 Room temperature 93 (Bauer and Ibanez 2014)
4% sulfuric acid 1 121 °C
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samples were dried at 105 °C (VWR Gravity Convection
Oven, Ontario, Canada) overnight prior to testing.

Acid hydrolysis

Acid hydrolysis, using 5% sulfuric acid and a cellulose con-
centration of 20 g/L, was performed. An initial test where
0.2 g ofα-cellulose, toilet paper, and sieved solids were added
to 10 mL of 5% sulfuric acid solution in a lightly capped glass
vial was performed. The reaction was carried out at 100 °C.
One milliliter of samples was taken at predetermined time
intervals, and the glucose concentration was determined using
glucose kits (Biopacific Diagnostics, Ontario, Canada). A sec-
ond test was done, and the reaction volume was increased to
100 mL. The cellulose yield was computed as the measured
glucose concentration divided by the cellulose mass added
(Eq. 1) as follows:

Cellulose yield %ð Þ ¼
Glucose concentration

g

L

� �
� volume Lð Þ

substrate added gð Þ � 100%

ð1Þ

Enzymatic hydrolysis

Enzymatic hydrolysis was conducted following the method of
Champagne and Li (2009). Although Champagne and Li
(2009) recommended using 10% (by weight) cellulase con-
centration, in this work different cellulase concentrations
ranging from 1 to 20% cellulase-to-cellulose concentration
ratios were tested. The first test was carried out on α-
cellulose where the equivalent weight of α-cellulose (2 g,
dry mass) and cellulase enzyme corresponding to the respec-
tive enzyme loading were added to 100 mL of sodium citrate
buffer (pH 4.8) in a 125-mL batch bottle. The batches were
placed in a shaker where the temperature was maintained at
40 °C and shaken (Thermo Scientific MaxQ4000 Shaker,
Ontario, Canada) at 160 rpm. Samples were withdrawn at
predetermined time intervals, and the glucose concentrations
were determined using glucose kits. Equation 1 was used to
calculate the % cellulose yield. The method was also tested on
sieved primary sludge samples.

NREL method

As a third alternative, the National Renewable Energy
Laboratory (NREL) method was tested to measure for its po-
tential to measure cellulose in wastewater and sludge. This
method uses a two-step acid hydrolysis to hydrolyze the
sludge into soluble forms, which can be quantified using
HPLC (Sluiter et al. 2012). In the first step, 0.3 g of sample
(dry mass) was added to a glass vial and 3 mL of 72% sulfuric
acid was added. The mixture was stirred using a glass tube and

placed in a water bath set at 30 °C for 1 h. After 1 h incubation,
the tubes were removed from the water bath and diluted to 4%
sulfuric acid by adding 84 mL of deionized water. The sam-
ples were thoroughly mixed and placed in an autoclave at
121 °C in the liquid setting for 1 h. After autoclaving, the
samples were allowed to cool to near room temperature. The
samples were filtered through a 0.45-μm filter paper, and
20 mL of filtrate was collected in a 50-mL vial. Calcium
carbonate was used to neutralize the sample to pH 5–6. The
neutralized samples were subsequently filtered through a
0.2-μm syringe filter and analyzed for glucose, cellobiose,
xylose, galactose, arabinose, and mannose using an HPLC
(Hewlett Packard Model 1090 HPLC with a refractive index
detector; HPLC column: BioRad Aminex7 HPX-87C). In or-
der to assess if the method could differentiate between cellu-
lose and starch, an initial test was also conducted with differ-
ent cellulose: starch mass ratios including 0:1, 1:3, 1:1, 3:1,
and 1:0. The method was also tested on toilet paper and sieved
sludge samples.

Schweitzer method

Cellulose forms a soluble complex with the Schweitzer re-
agent but precipitates in an alcohol solution (Hurwitz et al.
1961). The Schweitzer reagent was prepared by adding 5.5 g
of cupric hydroxide to 1 L of 28 to 29% ammonium hydrox-
ide, and the mixture was stirred for 30 min. The reagent has a
deep blue color. The following procedure was applied to de-
termine the cellulose content using the Schweitzer method.
First, the sample was pretreated to remove protein and other
impurities. 0.1 to 0.3 g of sample (dry mass) was added to an
Erlenmeyer flask and diluted to 200 mL with distilled water.
To this sample, 1.25 mL of 50% NaOH solution and 5 mL
antifoaming agent (Sigma Aldrich, Ontario, Canada; diluted
in proportion of one part defoamer to five parts water) was
added. The mixture was boiled for 30 min. The mixture was
then cooled, and 300 mL of distilled water was added. The
diluted mixture was transferred to a centrifuge bottle, and a
centrifugal force of 724×g was applied for 20 min (Beckman
Coulter Allegra 6 Centrifuge). The supernatant was decanted;
the pellet was washed with 300 mL of distilled water and
centrifuged again. The supernatant was discarded, and
100 mL of the Schweitzer reagent was added to the pellet.
The pellet was broken using a spatula, and the bottle was
placed on a mechanical shaker for 60–90 min at 120 rpm.
The bottle was centrifuged, and the supernatant was collected
into another centrifuge bottle containing 300 mL of 80% ethyl
alcohol. The mixture was stirred and allowed to stand for
30 min. After 30 min, the bottle was centrifuged, and the
supernatant was discarded. The pellet was washed with
1.25% HCl (breaking up the pellet using a spatula) until the
blue copper color of the precipitate disappeared completely.
The solution was filtered on pre-washed and weighed 1.2-μm
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glass fiber filters (VWR, Ontario, Canada). The precipitate
was washed with distilled water, followed by 10–20 mL of
80% ethyl alcohol. The filter was dried in a 105 °C oven
overnight and weighed. The filter was ignited in a muffle
furnace (Lindberg Blue Box Furnace) at 550 °C for 60 min
and weighed. The % cellulose in the sample was calculated
using the following equation (Eq. 2):

%cellulose ¼ wt:dried residue−wt:ignited residue

wt:of sample
� 100 ð2Þ

Results and discussion

Acid hydrolysis

Acid hydrolysis is the most widely used method for hydrolyz-
ing carbohydrates. In an initial test, different cellulose sources
were tested in triplicates including α-cellulose and toilet paper
at 20 g/L (dry mass) in 10-mL reaction volume. As can be
seen from Fig. 1a, the replicates were not reproducible. The
highest yield of 50% was observed for toilet paper and α-
cellulose samples, after 45 h of hydrolysis. It is noteworthy
that cellulose yields for two α-cellulose samples were 50 and
42% and for the three toilet paper samples were 50, 25, and
23%.

The reaction volume in the above test was too small, and
therefore, the test was repeated in 100-mL reaction volume at
20 g/L α-cellulose concentration (Fig. 1b). The results obtain-
ed in this test, i.e., the 25% cellulose yield was much lower
than the 50% yield observed in the initial test and was not very
encouraging due to the lack of reproducibility. Several studies
have reported overall cellulose yields of 50–60% at higher
temperatures of > 200 °C in typical batch reactors (Kim
et al. 2001; Wyman et al. 2005). Nevertheless, pyrolysis and
other side reactions occur at higher temperatures, leading to
charring or caramelization of glucose (Orozco et al. 2007;
Wyman et al. 2005). A black residue was observed in this
study, which evidently may explain the low cellulose yields.
There is abundant literature (Table 1) that has studied acid
hydrolysis, using various acids (sulfuric acid, hydrochloric
acid, oxalic acid, acetic acid-water-nitric acid, phosphoric ac-
id, etc.) at varying temperatures and conditions, and every
study achieved different cellulose yields (Bauer and Ibanez
2014; Chimentao et al. 2014; Kim et al. 2001; Orozco et al.
2007; Schell et al. 2003; Yoon et al. 2014). Themajority of the
research done on dilute acid treatment has been conducted to
hydrolyze cellulose to glucose and cellodextrins (short-chain
cellulose oligomers) (Olsson and Westman 2013). However,
since the objective of this study was to quantify cellulose
itself, the inability to duplicate the results of the test does not

make this method reliable, and therefore, it is not suitable for
determining cellulose concentrations.

Enzymatic hydrolysis

Enzymatic hydrolysis is the other widely studied method for
cellulose hydrolysis. Although Champagne and Li (2009) rec-
ommended using 10% cellulase-to-cellulose concentration
(on a mass basis), in this study, different cellulase concentra-
tions ranging from 1 to 20% (Fig. 2a) were tested. It can be
observed from Fig. 2a that although the 20% cellulase condi-
tion had the highest rate of cellulose conversion, the yield
plateaued at 46% after 2 days. The highest yield of 67% cel-
lulose was achieved by the 10% cellulase.

In order to develop a standard calibration curve for cellu-
lose, the 20% cellulase dose was selected due to its high rate
and another experiment was run using different cellulose con-
centrations as shown in Fig. 2b. We see a similar trend in this
test, with the yield plateauing at 47 ± 3% after 2 days. The test
was terminated after 7 days.

The standard curvewas plotted at different time intervals, and
a good linear relation was observed between the cellulose con-
centration and the measured glucose concentrations with R2 >
0.99 (Fig. 3), but the slope of the linear relation was different at
different times whichmakes it extremely difficult to standardize.

Hereafter, the enzymatic hydrolysis method was tested on
sieved primary sludge samples and 20% cellulase dose
(Fig. 4). The aforementioned standard curves (Fig. 3a, b) at
1 and 2 days were used to estimate the cellulose concentra-
tions at different concentrations of sieved primary sludge.
Table 2 tabulates these results which highlight the inconsis-
tencies in % cellulose estimated in the same sample of sieved
primary sludge at different concentrations. Unlike the experi-
ment above that tested α-cellulose, varying yields (ranging
from 40 to 83%) were observed at different concentrations
of sieved primary sludge (Table 2). It is interesting to observe
that the higher the concentration of sieved primary sludge, the
higher the glucose yields (Fig. 4).

Theoretically, the specific surface area available for en-
zyme activity should not be different; however, higher recov-
eries maybe an artifact of biomass activity and hydrolysis of
other carbohydrates to glucose. Champagne and Li (2009)
conducted a similar study where enzymatic hydrolysis of
dried primary sludge (4% TS) was performed, and 25 ±
0.8% conversion was reported after 24 h. This conversion
efficiency increased to 37 ± 1% when the primary sludge
was pretreated with both HCl and KOH (Champagne and Li
2009). Champagne and Li (2009) also emphasized that the
differences in the percentage conversion were due to the cel-
lulose fibers in the sludge being inaccessible to the enzyme
due to the complex matrix of the primary sludge, and there-
fore, pre-treatment with HCl-KOH prior to enzymatic
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hydrolysis helped isolate cellulosic content from non-
cellulosic constituents.

Thus, although enzymatic hydrolysis showed good repro-
ducibility while testing with α-cellulose (Fig. 2b), it was not
effective with sieved primary sludge samples due to its com-
plex composition. Additionally, Mansfield et al. (1999) em-
phasized that the results obtained using Bpurer^ model cellu-
losic substrates cannot be extrapolated to Breal’ substrates. The
efficacy of enzymes in hydrolyzing substrates is intimately
linked to the structural characteristics of the substrate such
as DP, crystallinity, fiber size, accessible surface area, and
the extent of fibrillation (Mansfield et al. 1999).

NREL method

The NREL method was another method that was tested to
measure cellulose. In order to assess whether the method
could differentiate between cellulose and starch, an initial test

was conducted with different cellulose-to-starch mass ratios
including 0:1, 1:3, 1:1, 3:1, and 1:0. Figure 5a shows the mass
fraction of soluble sugars to the sum of cellulose and starch
added, and it is observed that glucose was the predominant
sugar detected in all the tests irrespective of the applied
cellulose-to-starch mass ratio. The inability to differentiate
cellulose from other carbohydrates is the biggest drawback
of this method since the aggressive acidic hydrolysis solubi-
lizes both cellulose and starch to glucose.

In order to dismiss this method as a reliable method for cel-
lulose measurement, the NREL test was performed on toilet
paper and sieved primary sludge samples with the results
depicted in Fig. 5b which shows the mass fraction of cellobiose
and arabinose relative to the mass of dry sieved primary solids
added. Cellobiose (C6) and glucose (C6) are soluble products of
cellulose whereas arabinose (C5) is a soluble product of hemi-
cellulose. The sieved primary sludge showed 44 ± 2% cellobi-
ose as compared to the toilet paper which showed 24 ± 3%

Fig. 1 Acid hydrolysis method at 100 °C (a) using different cellulose sources in 10mL reaction volume and (b) at 20 g/Lα-cellulose in 100 mL reaction
volume

Fig. 2 Enzymatic hydrolysis (a) at different cellulase dose and 20 g/Lα-cellulose and (b) with 20% cellulase dose at differentα-cellulose concentrations
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cellobiose. No glucose was detected in either sample; however,
a significant amount of arabinose was detected in toilet paper
(70 ± 1%) and sieved primary sludge (38 ± 2%). However, the
reported 70% hemicellulose content in toilet paper seems to be
unrealistically high. Few online sources (http://en.fenjie.com/
news/show_223.html (accessed April 28, 2017); http://www.
perinijournal.it/Items/en-US/Articoli/PJL-34/New-strength-
additive-for-tissue-offers-much-promise (accessed April 28,
2017)) indicate the addition of hemicellulose to cellulose pulp
in the making of toilet paper, but the precise composition of
toilet paper is not available to the best of the authors’
knowledge. Alternatively, the authors speculate that perhaps it

is not arabinose that is detected but another degradation product.
Yoon et al. (2014) studied different second hydrolysis reaction
temperatures and observed lower cellulose to glucose conver-
sion at higher temperature of 120 °C (~ 70%) but higher con-
version of cellulose to formic acid due to further degradation of
glucose in acidic medium to 5-hydroxymethylfurfural (HMF)
and then to formic acid and levulinic acid. Similarly, the afore-
mentioned authors also studied combinations of cellulose, xylan,
and lignin and observed different conversion efficiencies com-
pared to cellulose alone. The same argument made regarding the
effect of structural characteristics on enzymatic hydrolysis ap-
plies to the two-stage acid hydrolysis (Mansfield et al. 1999).

Fig. 3 Standard curves at different time intervals: (a) 1 day; (b) 2 days; (c) 5 days; and (d) 7 days
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Schweitzer method

Figure 6 illustrates the % cellulose by dry mass in different cel-
lulose sources as measured by the Schweitzer method. All tests
were done in duplicates and showed excellent reproducibility, as
evidenced by theminimal range of error bars. Toilet paper andα-
cellulose were used as standards and showed 100% recovery,
which was extremely encouraging. To confirm that the reagent
does not bind to starch, two additional tests were run: starch only
and combination of starch and cellulose (50%–50% by mass).
The starch-only condition recovered < 1% cellulose which was
anticipated, while the 50/50 starch and cellulose combination
yielded 48 ± 1% of cellulose, re-affirming the cellulose specific-
ity of the test method.

After the successful results obtained, the test was performed
on primary clarifier sludge and sieved primary sludge, which
showed 18 ± 0% and 37 ± 1% on dry basis, respectively. To fur-
ther validate the method, known amounts (0.1 and 0.2 g) of α-
cellulose were added to 0.3 g of dry primary sludge, and the
recovery of the added α-cellulose was estimated by the

difference between measured cellulose in the amended sample
and raw primary sludge sample (Eq. 3). According to Fig. 6, %
cellulose in standard addition test where 0.3 g of primary sludge
was incorporated with 0.2 g of α-cellulose was measured to be
49 ± 1%. Therefore, the difference between the amended sample
and the un-amended sample should be the known amount (in this
case 0.2 g cellulose) to be recovered:

Recovered%cellulose ¼ Amended sample‐primary sludge

Known cellulose added
� 100%

Recovered%cellulose

¼ 0:49� 0:5 g amended sampleð Þ− 0:18� 0:3 g primary sludgeð Þ
0:2 g cellulose

�100% ¼ 95%

ð3Þ

Similarly, the % cellulose in standard addition test where
0.3 g of primary sludge was mixed with 0.1 g of α-cellulose
was measured to be 37 ± 1%, i.e., 92% of added cellulose was
recovered.

The Schweitzer method thus satisfies the criteria for a reliable
analytical method to quantify cellulose in wastewater and sludge
samples as proven based on reproducibility, accuracy, and fixed
100% recovery. It is noteworthy that all other methods tested in
this study with the exception of the Schweitzer method rely on
measurement of soluble sugars after hydrolysis and implicitly
assume that the original concentration of soluble sugars in the
samples is negligible. Furthermore, soluble sugars could be pro-
duced by hydrolysis of other carbohydrates not specifically cel-
lulose. Thus, all other methods theoretically should overestimate
the cellulose content. Despite the aforementioned, it is evident
that the recoveries of cellulose using the Schweitzer method are
much greater which is essentially because the Schweitzermethod
does not depend on the hydrolysis efficiency and reduced prod-
uct analysis, but instead uses a dissolution-extraction method
with gravimetric quantification of the precipitate formed. The
complete recovery of both standards used, i.e., toilet paper and
α-cellulose, as well as the relative quickness and ease of the
Schweitzer method renders it the most ideal method for
cellulose determination in wastewater and sludge samples.
Although Hurwitz et al. (1961) originally developed this method

Table 2 Estimated % cellulose of
sieved primary sludge Sieved sludge concentration dosed

0.5 g/L 1 g/L 2 g/L 4 g/L 8 g/L

Glucose conc. (g/L) after 1 day 0.07 0.18 0.45 1.06 2.23

Corresponding cellulose conc.
(g/L) using Fig. 3a standard curve

0.2 0.5 1.3 3.2 6.7

Estimated % cellulose 40 54 67 79 83

Glucose conc. (g/L) after 2 days 0.09 0.23 0.57 1.28 2.73

Corresponding cellulose conc.
(g/L) using Fig. 3b standard curve

0.2 0.5 1.3 2.8 6.0

Estimated % cellulose 41 50 63 70 75

Fig. 4 Enzymatic hydrolysis with 20% cellulase dose at different sieved
primary sludge concentrations

16750 Environ Sci Pollut Res (2018) 25:16743–16753



for cellulose determination in sewage sludge and reported similar
recovery of cellulose with high reproducibility (97.5 and 98%),
they did not provide any proof of validation for the method. In
this study, extensive validation tests using different cellulose stan-
dards such as α-cellulose and toilet paper were undertaken.
Additionally, this study also confirmed that starch (another com-
mon carbohydrate found in wastewater) does not interfere with
the cellulose measurements.

Conclusions

After evaluation of the results, it can be concluded:

& Of the four methods tested for cellulose determination in
wastewater/sludges, the Schweitzer reagent method is the

Fig. 5 NREL method results on
(a) different cellulose-to-starch
ratios and (b) toilet paper and
sieved primary sludge

Fig. 6 Schweitzer method results for different cellulose sources
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only reliable method. Acid hydrolysis was not reproduc-
ible even with pure cellulose, and enzymatic hydrolysis
showed poor reproducibility with sieved primary sludge
despite its high reliability with pure cellulose. The inabil-
ity to differentiate cellulose from other carbohydrates lim-
ited the reliability of the NREL for sieved primary sludge.

& The advantage of the Schweitzer method is its simplicity,
thanks to its specificity to cellulose, reproducibility, the
100% recovery, and relative quickness of the test as well
as its independence from hydrolysis reactions.

& Having a reliable method to quantify cellulose in waste-
water will have great implications on wastewater research
and will aid the already emerging trend to increase sus-
tainability and resource recovery.
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