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Abstract

Harmonized laboratory methodologies, notably the CEPI recyclability laboratory test
method (latest version 3, released February 2025) and the 4evergreen protocol (latest
revision 1, released January 2025), are widely used to assess the recyclability of paper-based
materials. However, the extent to which laboratory-scale results reflect pilot-scale behavior
remains insufficiently documented. In this work, the recyclability of brown packaging paper
was evaluated at both laboratory and pilot scales. Disintegration was performed under
identical consistency, temperature, and duration, followed by screening, filtrate analysis,
macro-stickies quantification, and paper sheet adhesion evaluation according to the CEPI
methodology. In parallel, recycled paper prototypes were produced in a pilot paper
machine and were mechanically characterized. The material was classified as technically
recyclable in a conventional recycling mill at both scales, with closely aligned recyclability
scores. Nevertheless, pilot-scale testing revealed higher dissolved and colloidal substances,
increased macro-stickies content, and sheet adhesion phenomena not fully apparent at
laboratory scale. These results demonstrate that while laboratory tests are robust for
recyclability classification, pilot-scale trials provide essential insights into runnability and
operational risks relevant for industrial implementation.

Keywords: CEPI recyclability; laboratory scale; paper recycling; pilot scale; stickies

1. Introduction

Paper and board packaging currently represents one of the most sustainable solutions
within the packaging sector, driven by the increasing demand for renewable materials and
by regulatory pressure to reduce the environmental footprint of packaging systems [1,2].
Paper-based materials are widely recognized as key enablers of circular economy strategies
due to their renewable origin and potential for integration into low-impact packaging
systems [2]. Moreover, paper-based packaging benefits from high collection and recycling
rates across Europe and from a well-established recycling infrastructure, positioning it as
a key material in the transition towards circular and bio-based packaging systems [1,3].
These drivers have reinforced the need to ensure that fiber-based products placed on the
market are effectively compatible with existing recycling processes, thereby supporting
material circularity and maximizing fiber recovery.
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To address this challenge, harmonized and robust methodologies have been developed
to assess the recyclability of paper-based products in a consistent and comparable manner.
In this context, the Confederation of European Paper Industries (CEPI), in collaboration
with the 4evergreen alliance, established a harmonized laboratory recyclability test method
that provides a standardized framework for evaluating the recyclability of paper and
board products [4,5]. The most recent version of this methodology, published in February
2025, translates the key stages of a conventional paper recycling mill into a laboratory-
scale protocol, including the disintegration of the cellulose-based product, coarse and fine
screening, filtrate analysis (e.g., chemical oxygen demand), macro-stickies quantification,
and the formation and evaluation of new paper sheets [4-6]. This methodology is widely
used to support recyclability claims, eco-design strategies, and regulatory compliance, and
it forms the technical basis for the recyclability assessment.

Despite its robustness and wide acceptance, the CEPI methodology is inherently
conducted under controlled laboratory conditions. However, the effective recyclability
of cellulose-based materials depends on multiple interacting factors, including chemical
composition, presence of functional additives, contaminants, fiber morphology, and process
conditions [7-9]. These factors may lead to significant differences in material behavior
when the scale of operation changes. Strength agents and adhesive systems are known to
influence disintegration efficiency, dissolved and colloidal substances, macro-stickies forma-
tion, and sheet adhesion, which are critical parameters in both recycling and papermaking
operations [10-12].

Pilot-scale testing represents an intermediate step between laboratory and industrial
scales and introduces operational variability that is closer to real mill conditions. Parame-
ters such as larger sample volumes, continuous flow regimes, residence time distribution,
hydrodynamic shear, and fiber heterogeneity can significantly influence recycling perfor-
mance, sheet quality, and machine runnability [12-14]. Previous studies have highlighted
that pilot-scale trials are essential to bridge the gap between laboratory assessments and
industrial reality, particularly when evaluating fiber-based materials incorporating func-
tional additives or designed to replace less recyclable packaging solutions [8,12-14]. These
scale-dependent effects are central to the interpretation of the mechanical performance,
stickies behavior, and process runnability limitations.

Based on this premise, the present study proposes a systematic comparison between
laboratory-scale recyclability assessment, as defined by the CEPI methodology, and pilot-
scale disintegration and papermaking using a pilot pulper and pilot paper machine. An
industrial brown packaging paper was selected as a representative case study. The objective
was to evaluate whether recyclability classifications obtained at laboratory scale remain
consistent when the processing scale is increased, while simultaneously analyzing process-
relevant indicators such as macro-stickies formation, sheet quality, mechanical performance,
and operational runnability. The knowledge generated by this work is essential to support
the practical viability of recycling processes and to guide the development of new paper-
based packaging solutions that maintain material circularity, contribute to higher fiber
recovery, and align with the European Union Packaging and Packaging Waste Regulation
(PPWR) target of 100% recyclable packaging by 2030 [15], which requires that packaging
is not only technically recyclable but also compatible with existing industrial recycling
systems at scale.
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2. Results

2.1. CEPI Methodology (Recyclability Laboratory Test Method Part [—Recycling Mill with
Conventional Process)

Table 1 presents the main steps and results for the CEPI methodology, as it transitions

from laboratory scale to pilot scale.

Table 1. Summary of results obtained using the CEPI methodology applied to the original sample
under study, for the two disintegration scales (laboratory vs. pilot).

CEPI . . . Pilot Pulper
Methodology Parameters Laboratory Disintegration Disintegration
Evaporation Residue ER = 4.28% ER = 4.55%
(ER)
Fil Dissolved and Colloidal
Ultrate Substances DCS=428mg/g DCS=455mg/g
Analysis (DCS)
Chemical Oxygen
Demand COD=334mg0,/g COD =389mg0,/g
(COD)
Coarse Reject
(CR—Sieve 5.0 mm)
CR =0.14%
Stock Accepted Coarse Sheet
Analysis (AC)

Good formation
(homogeneous structure)

Good formation

Fine Reject
(FR—Sieve 150 pm)

(homogeneous structure)

FR = 0.02%

FR =0.02%
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Table 1. Cont.

CEPI .. . Pilot Pulper
Methodology Parameters Laboratory Disintegration Disintegration

Accepted Material Sheet
(AM)

Stock Good formation Good formation
Analysis (homogeneous structure) (homogeneous structure)

Macro-stickies

(MS)
MS =2.2 mm?/kg MS = 61.5 mm?/kg
Total Sereening Yield Score gy '~ 999 points TSYscore = 99.7 points
(TSYscore)
Dissolved and Colloidal
Substances Score DCSqcore = —1.4 points DCSqcore = —2.3 points
(DCSscore)
Determinati‘on of the Visual Impurities Score Viseore = 0 points Viscore = 0 points
Technical (Vlscore)
Recyclability Score Sheet Adhesion S ] ]
(TRS/points) ce S A:isolrz)n core SAgcore = 0 points SAgcore = 0 points
TRS = TSY Score + DCS Score + VI Score + SA Score
TRS TRS =99 points TRS = 97 points
Sample Recyclability Techmcall.y recyclable ina Techmcall.y recyclable ina
. recycling mill with recycling mill with
Evaluation . .
conventional process conventional process

In addition to the overall quantitative determination of macro-stickies (MS), their size
distribution was evaluated based on predefined area classes to provide further insight into
their morphology and potential process implications. As shown in Table 2, macro-stickies
at laboratory scale were either absent or limited to the smallest size class (C1), indicating
minimal contamination. In contrast, pilot-scale samples exhibited a significant increase in
MS content, mainly concentrated in the smaller size classes (C1-C2), suggesting enhanced
fragmentation and dispersion under higher energy conditions.

Both laboratory-scale and pilot-scale assessments classified the brown packaging paper
as technically recyclable in a conventional recycling mill. Recyclability scores obtained at
the two scales were closely aligned. However, pilot-scale disintegration resulted in higher
levels of DCS and COD, as well as substantially higher MS content.
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Table 2. Macro-stickies size distribution by area classes for laboratory and pilot-scale samples.

Distribution Classes Laboratory Pilot
(Area in mm?) MS Sheet1  MS Sheet2  MS Sheet1  MS Sheet 2
C1 (0.01-0.05) 0.0215 0.0000 0.0896 0.1470
C2 (0.05-0.10) 0.0000 0.0000 0.2240 0.1541
C3 (0.10-0.20) 0.0000 0.0000 0.0000 0.0000
C4 (0.20-0.50) 0.0000 0.0000 0.0000 0.0000
C5 (0.50-1.00) 0.0000 0.0000 0.0000 0.0000
C6 (1.00-2.00) 0.0000 0.0000 0.0000 0.0000
C7 (2.00-5.00) 0.0000 0.0000 0.0000 0.0000
C8 (>5.00) 0.0000 0.0000 0.0000 0.0000
Total Area (mm?) 0.01075 0.30735
MS (mm?/kg) 22 61.5

2.2. Production of Two Pilot Papers

During pilot papermaking, a slight sheet adhesion to the first dryer cylinder was
observed during exploratory trials conducted at higher machine speeds (3-5 m/min),
exceeding those used for the production of Prototype 1 and Prototype 2, close to the
operational limits of the pilot machine. This adhesion occurred when the paper sheet
had the highest moisture content and was manifested as localized fiber accumulation on
the cylinder surface. Although no major sheet breaks were observed, this effect limited
runnability and prevented stable operation at these higher speeds. Figure 1 shows a
photograph that documents this occurrence. The yellow arrows in Figure 1 indicate fiber
clusters that adhered to the surface of the first drying cylinder.

Figure 1. Photograph showing the adhesion of the sheet to the first drying cylinder at the machine’s
highest speed (5 m/min).
2.3. Characterization of the Original Paper and the Two Pilot Papers Produced

The characterization began with a study of the volatile solids content for the three
paper samples under analysis (Original Paper, Prototype 1, and Prototype 2), according
to ISO 1762 [16] and in triplicate. Table 3 shows the results of the volatile solids content
obtained for the three paper samples under study.
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Table 3. Volatile solids content (%) of the three paper samples studied.

Volatile Solids
Paper Content (0/0)
X o
Original Paper 92.1 1.46
Prototype 1 95.7 0.79
Prototype 2 94.1 1.08

The ashes exhibited a characteristic white hue, indicating the validity of the test, as
they incinerated slowly along the heating ramp. In general, the values obtained for the
volatile solids content of the papers under study meet the European standards NP EN
13432 [17] and EN 14995 [18], with contents exceeding 50%.

Internal bond strength was determined using the Scott bond method according to ISO
16260 [19]. Table 4 shows the results obtained for the three paper samples studied.

Table 4. Internal bond strength (J/m?), using the Scott bond method, of the three paper samples studied.

Scott Bond (J/m?)

Paper _
X (o)
Original Paper 321.5 12.3
Prototype 1 179.7 15.2
Prototype 2 133.4 12.2

Regarding the mechanical properties of the two prototypes and the original paper
under study, three different tests were carried out: the tensile test, where the tensile
index, elongation, Young’s modulus, and Tensile Energy Absorption (T.E.A.) index were
determined; the burst test, where the burst index was determined; and the tear test, where
the tear index was determined.

The study of tensile strength properties was carried out on a universal mechanical
testing machine, in accordance with ISO 1924-2 [20]. Table 5 shows the results obtained for
the three target samples in the machine direction (MD), and Table 6 shows the results for
the same test in the cross direction (CD).

Table 5. Results of the tensile test of the three paper samples analyzed (the original paper and the
two prototypes) at MD.

Tensile Index (Nm/g) Elongation (%) Young’'s Modulus (MPa) T.E.A. Index (J/g)
Paper
P X o X o X o X o
Original Paper 105.3 2.7 2.76 0.14 981.6 254 1.89 0.14
Prototype 1 53.9 5.7 1.92 0.36 545.0 22.7 0.70 0.20
Prototype 2 68.1 3.9 2.64 0.08 607.9 243 1.20 0.08

The burst test was conducted on a burst test machine, which operates on the Mullen
principle, in accordance with ISO 2758 [21]. Table 7 shows the results obtained in the burst
test for the three paper samples under study.
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Table 6. Results of the tensile test of the three paper samples analyzed (the original paper and the
two prototypes) at CD.

Tensile Index (Nm/g) Elongation (%) Young’'s Modulus (MPa) T.E.A. Index (J/g)
Paper
P X o X o X o X o
Original Paper 64.6 2.0 5.68 0.31 545.0 9.7 2.55 0.20
Prototype 1 36.3 1.5 3.41 0.28 320.4 12.6 0.94 0.11
Prototype 2 39.2 1.2 3.59 0.15 337.2 9.4 1.05 0.08

Table 7. Burst index (kPa-m?/g) of the three paper samples analyzed (the original paper and the

two prototypes).
Burst Index (kPa-m?/g)
Paper -
X o
Original Paper 5.8 0.18
Prototype 1 3.3 0.20
Prototype 2 3.7 0.21

The tear test was performed on the Elmendorf testing machine, in accordance with
ISO 1974 [22]. Table 8 shows the results obtained in the tear test for the three paper samples
under study, in MD and CD.

Table 8. Tear index (mN-m?/g) of the three paper samples analyzed (MD and CD).

Tear Index MD (mN-m?/g) Tear Index CD (mN-m?/g)
Paper - -
P X o X (o)
Original Paper 9.8 0.40 9.8 0.40
Prototype 1 14.2 1.15 114 1.24
Prototype 2 14.1 1.16 14.8 1.44

Mechanical testing showed the expected reductions in tensile, bursting, and internal
bond strengths for recycled paper compared with the original material, while tearing
resistance exhibited higher variability.

3. Discussion
3.1. CEPI Recyclability Laboratory Test Method Part [—Recycling Mill with Conventional Process

It should be emphasized that the laboratory and pilot disintegration processes are
not directly equivalent in terms of specific energy input. The significantly higher energy
applied at pilot scale reflects the inherent differences in equipment design and operating
conditions, and therefore the results should be interpreted as scale-dependent rather than
strictly comparable under identical processing conditions.

The CEPI recyclability assessment performed at both laboratory and pilot scales classi-
fied the brown packaging paper as technically recyclable in a conventional recycling mill,
with high and closely aligned Technical Recyclability Scores (TRS of 99 and 97 points, re-
spectively). This agreement confirms the robustness of the CEPI laboratory methodology
as an effective screening tool [4-6]. The very high Total Screening Yield scores obtained at
both scales (>99.7 points) showed only a negligible decrease (—0.2 points), indicating that
fiber recovery remained essentially unchanged despite the scale-up, even in the presence of a
strength additive, supporting earlier findings that kraft fibers can remain largely recoverable
after recycling when strength systems are used at controlled levels [9,10]. Similarly, the
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Technical Recyclability Score decreased only slightly, from 99 to 97 points (~2% reduction),
confirming that the overall recyclability classification was not significantly affected.

Despite this overall consistency, pilot-scale disintegration led to systematically higher
values of DCS, COD, and MS content compared to laboratory-scale testing. Quantitatively,
ER and DCS increased moderately (both by approximately 6%), while COD showed a
more pronounced rise of about 16%. In contrast, the most significant change was observed
for macro-stickies (MS), which increased dramatically, from 2.2 mm?/kg at laboratory
scale to 61.5 mm? /kg at pilot scale (approximately a 28-fold increase). This behavior is
mainly associated with the different specific energy inputs applied in each system. While
laboratory disintegration was performed at approximately 1.8 kWh/t, the pilot pulper
operated at a much higher specific energy of approximately 261.9 kWh/t (Table 1), despite
identical consistency and disintegration time. The higher specific energy consumption
observed at pilot scale can be explained by scale-related effects, particularly differences in
equipment configuration, energy transfer efficiency, and hydrodynamic conditions. Com-
pared to controlled laboratory systems, pilot-scale operation is more prone to energy losses
and uneven energy distribution, which reduces overall process efficiency and increases
energy demand. In addition, operational constraints and flow regimes at larger scale
further contribute to this behavior. The resulting higher energy input intensifies shear and
mechanical stresses, enhancing fiber fragmentation and promoting the release of fines and
contaminants. Consequently, a greater amount of dissolved and colloidal substances is
transferred into the process water, which is consistent with the higher ER, DCS, and COD
values measured at pilot scale.

Similar trends have been reported in previous laboratory-to-pilot or industrial scale
comparisons, where increased specific energy during repulping led to higher contaminant
loads without significantly affecting fiber yield [8,12]. This behavior is particularly relevant
for papers containing strength additives and functional chemicals, which are suscepti-
ble to partial dissolution or dispersion under high-energy pulping conditions and are
known contributors to DCS accumulation and increased COD in recycling systems [9-11].
Although the higher DCS levels slightly penalized the recyclability score at pilot scale,
the overall impact remained moderate, and no visual impurities were detected in the
resulting handsheets.

Although the TRS values (>97) clearly meet the criteria for technical recyclability
under the CEPI framework, the significant increase in DCS and macro-stickies observed at
pilot scale must be interpreted in light of industrial thresholds. In practice, elevated DCS
levels are known to compromise retention efficiency and water circuit stability, while high
macro-stickies content may lead to deposit formation and machine contamination. In this
context, the PPWR requirement that packaging must be recyclable “at scale” implies that
such materials should not only pass laboratory-based recyclability criteria but also remain
compatible with industrial process constraints.

From an industrial standpoint, these findings show that a material may be technically
recyclable while still posing operational challenges. Previous studies have shown that elevated
DCS levels can negatively affect drainage, retention aid performance, and paper machine
stability, especially in mills operating with high degrees of water recirculation [10,12]. Al-
though the DCS penalty in the CEPI score was moderate in this study, the pilot-scale data
provide a more realistic indication of potential process constraints and provide valuable
complementary information beyond the laboratory assessment, supporting the view that
pilot trials are essential to anticipate operational challenges not captured by laboratory
tests alone [12-14]. The results obtained in this study clearly support this limitation, as
pilot-scale testing revealed higher contaminant loads despite similar fiber yields.
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A pronounced difference between laboratory and pilot scales was observed in MS
content, which increased approximately 28 times. In addition to the overall increase in
MS content, the size distribution analysis provides further insight into their behavior. The
results show that, at pilot scale, MS were predominantly concentrated in the smallest
size classes (C1-C2), whereas no significant presence was detected in larger size ranges.
Although larger stickies are often associated with visible defects and deposit formation,
smaller stickies are more difficult to remove during screening and cleaning stages and can
accumulate in the process water. This increases their potential to interfere with retention
systems, promote secondary agglomeration, and contribute to operational issues over time.
This distribution suggests that the higher mechanical energy applied during pilot-scale
disintegration promotes fragmentation of adhesive contaminants into smaller particles
rather than the formation of large agglomerates. Higher energy input and longer interaction
times promote their formation and detection, making them more relevant for downstream
operations [11,12].

One of the most striking differences between laboratory and pilot scales was the
substantial increase in MS content at pilot scale. This result highlights a fundamental
limitation of laboratory testing: the inability to fully reproduce the cumulative exposure
of pulp suspensions to adhesive and polymeric contaminants. The concept of “stickies
exposure” proposed by Huber et al. [12] helps explain this behavior, as pilot-scale systems
better represent the cumulative exposure of the pulp to MS-forming components. The
predominance of small-sized stickies is consistent with the concept of “stickies exposure”,
where repeated mechanical action and shear favor the progressive fragmentation and
dispersion of contaminants in the system. Although MS levels did not compromise the
recyclability classification in this study, their substantial increase at pilot scale indicates a
potential risk for deposit formation and runnability issues in industrial settings, reinforcing
the importance of pilot scale validation when evaluating packaging papers containing
functional additives [10-12]. In laboratory tests, MS may remain below detection thresh-
olds or appear only as micro-scale entities, whereas pilot-scale systems allow their growth
and interaction to be observed more clearly [11,12]. Although MS levels in this study did
not compromise the recyclability classification, their magnitude at pilot scale suggests an
increased risk of deposits and runnability disturbances under industrial conditions. This
finding reinforces the argument that recyclability classification alone is insufficient to guar-
antee smooth industrial implementation, particularly for packaging papers incorporating
functional additives [10-12].

3.2. Production of Two Pilot Papers

During pilot papermaking, slight sheet adhesion to the first dryer cylinder was ob-
served at higher machine speeds, particularly when the sheet exhibited higher moisture
content. This phenomenon was not detected during laboratory handsheet evaluation,
illustrating a clear limitation of laboratory-scale testing in predicting machine runnability.
Sheet adhesion is a complex phenomenon influenced by surface chemistry, residual stickies,
moisture distribution, and thermal conditions, and it is highly sensitive to machine speed
and operating regime [10-12]. The fact that adhesion occurred only at higher speeds and
moisture highlights dynamic operating conditions in revealing runnability limitations. This
observation illustrates a key distinction between recyclability and runnability: a material
may be recyclable from a fiber recovery perspective while still posing challenges during
papermaking. Similar discrepancies have been reported in the literature, where materials
classified as recyclable under laboratory protocols exhibited operational issues when pro-
cessed on pilot or industrial machines [12-14]. Consequently, pilot-scale papermaking trials
play a crucial role in bridging the gap between regulatory compliance and practical feasi-
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bility. These findings underline the value of pilot-scale papermaking trials in identifying
operational risks that are not reflected in CEPI’s recyclability scores alone.

3.3. Characterization of the Original Paper and the Two Pilot Papers Produced

It should be noted that the recycled prototypes were produced at significantly higher
grammages than the original paper, due to pilot-scale process limitations. Therefore, direct
comparison of absolute mechanical properties should be interpreted with caution, and
emphasis is placed on relative trends and structural effects rather than absolute values.
Given the exploratory and process-oriented nature of this study, the results are discussed
in terms of trends and relative differences rather than formal statistical significance.

The volatile solids content of the recycled prototypes remained high (>94%), exceeding the
thresholds defined in European standards for organic content in packaging materials [17,18].
Compared to the original paper (92.1%), the volatile solids increased to 95.7% (+3.9%) for
Prototype 1 and 94.1% (+2.2%) for Prototype 2, indicating a relative reduction in inorganic
fillers. This behavior is consistent with previous studies reporting preferential loss of
mineral fillers during recycling processes [7-9].

A significant reduction in internal bond strength was observed in the recycled proto-
types compared to the original paper, decreasing from 321.5 J/m? to 179.7 J/m? (—44%)
for Prototype 1 and 133.4 J/m? (—59%) for Prototype 2. This reduction is consistent with
well-established effects of fiber recycling, including hornification, reduced fiber swelling,
and diminished inter-fiber bonding potential [7-9]. The more pronounced reduction ob-
served in Prototype 2 may be linked to the higher machine speed and reflects the combined
influence of recycling-induced fiber changes and sheet structure differences related to
formation conditions.

Mechanical testing revealed general trends consistent with recycled fiber behavior;
although the comparison is influenced by differences in grammage and sheet structure,
the results are all normalized by the grammage. In the MD direction, the tensile index
decreased from 105.3 Nm/g to 53.9 Nm/g (—49%) for Prototype 1 and 68.1 Nm/g (—35%)
for Prototype 2. Similarly, the Young’s modulus decreased by approximately 44-45%, and the
T.E.A. index by about 63% and 37% for Prototypes 1 and 2, respectively. In the CD direction,
tensile index reductions of approximately 44% (Prototype 1) and 39% (Prototype 2) were
observed, confirming the general weakening of the fiber network. Despite these reductions,
Prototype 2 consistently showed higher tensile and T.E.A. values than Prototype 1 (e.g.,
+26% in MD tensile index and +71% in T.E.A.), despite its lower grammage. This suggests
that higher machine speed and flow rate contributed to improved fiber alignment and load
distribution within the sheet. The burst index followed a similar trend, decreasing from 5.8
to 3.3 kPa-m? /g (—43%) for Prototype 1 and to 3.7 kPa-m? /g (—36%) for Prototype 2, further
confirming the loss in bonding strength associated with recycling.

Conversely, tear resistance increased for the recycled papers. In the MD direction, the
tear index increased from 9.8 to approximately 14.2 mN-m?/g (+45%), while in the CD
direction, increases of +16% (Prototype 1) and +51% (Prototype 2) were observed. This
apparent paradox, lower tensile and burst strength combined with higher tear resistance, is
a characteristic feature of recycled papers and has been widely reported in the literature [8,9].
Overall, these results confirm that mechanical property evolution in recycled papers must
be interpreted in structural terms, with processing conditions such as machine speed
influencing the balance between strength and toughness properties. The observed increase
in tear resistance is consistent with structural and fiber orientation effects developed during
paper formation. The differences between machine direction (MD) and cross direction (CD)
properties provide indirect evidence of anisotropy, which is widely associated with fiber
alignment and bonding structure in paper materials. Nevertheless, it should be emphasized
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that this interpretation is based on indirect evidence and literature consistency, rather than
on direct measurement of fiber orientation.

From a critical perspective, the results of this study highlight both the strengths and
the limitations of current recyclability assessment frameworks. The CEPI methodology
provides a robust, harmonized basis for recyclability classification and is well suited for
comparative assessments and eco-design guidance. However, it does not fully capture scale-
dependent phenomena related to contaminant behavior, water system load, and machine
runnability. Pilot-scale testing, while more resource-intensive, offers essential complementary
information that is directly relevant to industrial implementation. The combined use of
laboratory and pilot-scale evaluations therefore represents a balanced and pragmatic approach
to recyclability assessment, enabling both regulatory alignment and operational risk mitigation.
This dual-scale strategy is particularly important in the context of evolving packaging designs
and increasing use of functional additives, as required by the transition toward sustainable
and high-performance fiber-based packaging solutions [10,12-15].

3.4. Implications for the Papermaking Industry

The differences observed between laboratory-scale and pilot-scale recycling have
direct implications for industrial papermaking. Even though the material is classified as
technically recyclable under the CEPI methodology, the pilot-scale results show that real
mill environments may experience higher dissolved and colloidal substances, increased
macro-stickies, and a greater tendency for sheet adhesion during drying. In a closed or
semi-closed water circuit, elevated DCS and COD can interfere with retention systems,
promote deposits, and make process control more sensitive. These issues rarely appear
during small-scale laboratory testing because the hydrodynamics and residence times do
not replicate mill-like conditions.

The substantial increase in MS during pilot scale recycling processes is particularly
relevant. Stickies are known to accumulate, agglomerate, and become more problematic
under continuous, shear-intensive conditions [23]. This means that mills processing papers
containing strength additives or other functional chemistries may face higher cleaning re-
quirements, more frequent doctor blade interventions, and an increased risk of runnability
disturbances. The size distribution of MS is particularly relevant from an industrial per-
spective. While large stickies are more easily removed by screening and cleaning systems,
smaller particles are more likely to pass through process barriers and remain in the system.
The predominance of small-sized stickies observed at pilot scale suggests a higher risk of
accumulation in the water circuit and interaction with fibers and additives, which may
lead to deposit formation and reduced process stability over time. This highlights that
not only the total amount of stickies, but also their size distribution, is a critical factor in
assessing recyclability and process compatibility. The sheet adhesion observed during pilot
papermaking illustrates how such effects can materialize in practice, appearing only under
machine-speed conditions and not in laboratory handsheets. These effects are expected
to become more pronounced under multi-cycle recycling conditions, where contaminant
accumulation and water-loop closure further amplify process constraints.

From an industrial perspective, although no universal thresholds exist, paper mills
typically aim to minimize DCS accumulation and MS content to avoid process instabilities,
deposits, and increased cleaning frequency. The pilot-scale results obtained in this study
indicate that, despite being technically recyclable, the material may approach operational
limits under certain conditions. This distinction is particularly relevant in the context of the
PPWR, which emphasizes not only recyclability classification but also effective recyclability
within existing industrial infrastructures.
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Therefore, while the CEPI methodology remains essential for recyclability assessment
and classification, pilot-scale trials provide a realistic view of operational risks, helping
mills anticipate necessary adjustments such as water-loop management, chemical dosing
strategies, or machine-speed optimization.

3.5. Limitations

Although the present study provides valuable insight into scale-dependent recycla-
bility behavior, several limitations should be acknowledged. First, this work focuses on
a single paper grade containing one specific strength additive system, which limits the
generalization of the findings to other paper types, additive chemistries, or functional paper
systems. Different strength resins, coatings, or adhesive additives may behave differently
under the same conditions. Therefore, the conclusions should be interpreted as specific to
the material and conditions investigated. Second, the pilot trials were performed using one
pulper configuration and one pilot paper machine, both of which have their own hydro-
dynamic characteristics. Industrial mills often use equipment with different geometries,
flow regimes, and water-loop complexities, which could influence the magnitude of DCS
release, stickies formation, or sheet adhesion. Finally, the study evaluates a single recycling
cycle. In mill operation, many of the effects highlighted here (especially DCS build-up,
COD accumulation, and stickies aggregation) can intensify over multiple cycles due to
water recirculation and repeated exposure to shear.

This limitation is particularly relevant, as industrial paper recycling systems operate
under continuous or multi-cycle conditions, where the accumulation of DCS, COD, and MS
can significantly influence process stability and paper quality. Therefore, while the present
single-cycle approach enables a controlled comparison between laboratory and pilot scales, it
does not fully capture the cumulative effects typically observed in industrial recycling loops.

It should be noted that the statistical analysis in this study is limited to descriptive
statistics (mean values and standard deviations), due to the number of replicates available
for each experimental condition. While this approach allows for the assessment of data
variability, it does not enable robust inferential statistical comparisons. Therefore, the
results should be interpreted primarily in terms of observed trends rather than strict
statistical significance.

Future research should address a broader range of materials, including different
strength additive systems, varying grammages, and alternative functional additives. In
addition, studies involving multiple recycling cycles and different degrees of water-loop
closure would be particularly relevant to better represent industrial conditions and to assess
the cumulative effects on DCS, COD, and macro-stickies formation. Also, future work
involving multiple recycling cycles would be essential to assess the progressive evolution
of contaminant load, fiber quality, and runnability under more realistic mill conditions.

Despite these limitations, the findings reported in the work provide a meaningful
comparison between laboratory scale and pilot scale, highlighting areas where verification
of pilot-scale operating conditions is especially important.

4. Materials and Methods
4.1. Materials

A commercial packaging kraft paper, brown in color, with a grammage of 80 g/m?,
a thickness of 960 um, a volatile solid content of 92.1%, a moisture content of 8.85%, and
containing a cationic natural polymer strength additive, was supplied in reel form. The
material satisfied the minimum natural aging requirements of 30 days for the recyclability
test, to reflect realistic post-use conditions.
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4.2. Methods
4.2.1. CEPI Methodology

The recyclability of the paper-based material was assessed using the harmonized CEPI
Recyclability Laboratory Test Method (Part I: recycling mill with conventional process) [6],
which simulates, at laboratory scale, the main unit operations of a conventional paper recy-
cling mill. This methodology reproduces the key stages of industrial recycling, including
repulping, coarse and fine screening, filtrate analysis, macro-stickies quantification, and
handsheets formation, allowing both process-related and product-quality parameters to
be evaluated. The method provides a structured framework to determine the technical
recyclability of paper and board products and to identify potential limitations related to
processability, contaminant generation, or sheet quality.

i.  Disintegration

Repulping was performed under controlled conditions according to the disintegration
protocol defined in the method. Disintegration was carried out at 2.5% consistency in
demineralized water at 40 °C for 10 min. In cases where the combined mass of coarse and
fine rejects exceeded 15% and contained a significant fibrous fraction, the extended 20 min
disintegration option described in Version 3 [6] should be applied to ensure adequate fiber
release, but in the case of this work, it was not necessary.

ii. Stock analysis (screening, rejects, macro-stickies, and handsheets)

After disintegration, the pulp suspension was subjected to coarse screening using
a 5 mm perforated screen to separate the coarse reject (CR) from the accepted coarse
(ACQC). The accepted coarse was subsequently processed by fine screening using a slotted
screen with an aperture of approximately 150 pm, yielding the fine reject (FR) and the
final accepted material (AM). The masses of coarse and fine rejects were determined and
expressed as percentages of the initial dry sample mass, providing quantitative indicators
of fiber recovery and material processability. Macro-stickies were quantified following
the updated specimen preparation protocol defined in Version 3 [6], which improves
representativeness and reproducibility by standardizing abrasive addition and avoiding
subsampling of the screened material. Results were expressed as macro-stickies surface
area per unit mass. Handsheets were produced from both the AC and AM and evaluated
for visual cleanliness, formation quality, and sheet adhesion behavior. Sheet adhesion was
assessed using the detailed criteria and visual guidance provided in Version 3 [6], which
aim to reduce subjectivity and improve comparability between laboratories.

iii. Filtrate analysis

Filtrates collected during the screening stages were analyzed to determine evaporation
residue (ER) and the concentration of dissolved and colloidal substances (DCS), which are
relevant indicators of potential load on the recycling process water circuit. In addition to
the standard CEPI parameters, chemical oxygen demand (COD) was determined in the
collected filtrates to further characterize the organic load of the process water. COD was
measured using Lovibond COD test kits based on the dichromate method, and results were
expressed in mg O, /L.

The main calculated parameters were determined as follows:

o  Coarse reject (%) by Equation (1):
CR (%) = (mcg/myg) x 100 (1)

e  Fine reject (%) by Equation (2):
FR (o/o) = (mFR/mO) x 100 (2)

e  Macro-stickies content (mm?/ kg) by Equation (3):
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MS = Aps/ Mgample 3)

where mcr and mgR are the masses of coarse and fine rejects, respectively, m is the initial
dry mass of the sample, Ays is the measured macro-stickies area, and mgample is the corre-
sponding dry mass of the sample used for macro-stickies area determination. Additional
parameters (e.g., ER and DCS) were determined according to the CEPI method [6].

All measured parameters, including reject levels, filtrate characteristics, macro-stickies
content, and handsheet quality indicators, were measured in duplicate and combined
according to the CEPI scoring framework to derive the technical recyclability classification
of the material for a conventional recycling mill. This approach allowed not only a recy-
clability judgment to be made, but also the identification of scale-relevant risks related to
stickies formation, water system load, and sheet runnability.

4.2.2. Recyclability Pilot-Scale Test Method

Pilot-scale recyclability was assessed using a methodology equivalent to the CEPI
Recyclability Laboratory Test Method (Version 3, Part I [6]), with the exception of the
disintegration stage, which was performed at pilot scale. The main operating conditions
and a comparison between laboratory- and pilot-scale disintegration are presented in
Table 9.

Table 9. Comparison of disintegration parameters used at laboratory and pilot scale.

Parameter Laboratory Disintegration Pilot Pulper Disintegration

Sample
Preparation
Consistency 2.5% 2.5%
Disintegration Time 10 min 10 min
Specific Energy 1.8 kWh/t 261.9 kWh/t
Batch Volume 2 dm? 250 dm3
pH 8.64 8.61

Disintegration was carried out in a 250 L pilot pulper using 6250 g oven-dry material,
applying a scaled-up specific energy input. The process was conducted at the same target
consistency and temperature defined in the CEPI methodology in order to ensure com-
parability between scales. Following disintegration, the resulting pulp was subjected to
the same sequence of operations as in the laboratory procedure, including coarse and fine
screening, filtrate collection and analysis, macro-stickies quantification, and handsheets pro-
duction and evaluation. This approach allowed the direct comparison of laboratory-scale
and pilot-scale recyclability outcomes, while introducing hydrodynamic and mechanical
conditions closer to those encountered in industrial recycling systems.

4.2.3. Production of Two Pilot Papers

Recycled paper prototypes were produced on the pilot paper machine using the pulp
obtained from the pilot-scale recyclability trials. During papermaking, the headbox (ma-
chine chest) of the pilot paper machine was operated at a consistency of 0.44%, and two
separate production runs were carried out in order to generate paper prototypes under dis-
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tinct operating conditions. These runs were designed to evaluate the influence of machine
speed and flow rate on sheet formation and final paper properties. The first run resulted
in Prototype 1, produced at a grammage of 235.6 g/m?, a machine speed of 1.0 m/min,
and a flow rate of 25.0 L/min. The second run yielded Prototype 2, produced at a lower
grammage of 170.2 g/m?, using a higher machine speed of 2.0 m/min and an increased
flow rate of 35.0 L/min. These operating conditions allowed the production of two recycled
paper demonstrators (see Figure 2) with clearly differentiated structural characteristics for
subsequent evaluation. It should be noted that the selected grammages were not prede-
fined targets but resulted from the optimization of the pilot-scale papermaking process.
Several operating parameters were adjusted during the trials in order to achieve stable
sheet formation. Attempts were made to produce lower grammage sheets closer to the
original commercial kraft paper (80 g/m?). However, these conditions led to runnability
limitations, including slight sheet adhesion to the first dryer cylinder at higher machine
speeds, which prevented stable production. Therefore, the selected grammages correspond
to the operational window in which stable sheet formation could be consistently achieved.

(a) (b)

Figure 2. Photographs taken on the light table of the obtained prototypes: (a) Prototype 1,
(b) Prototype 2.

4.2.4. Characterization of the Original Paper and the Two Pilot Papers Produced

The original paper and the two prototypes produced at pilot scale were characterized
according to Table 10, using the respective international testing standards. With the excep-
tion of the volatile solids content, which was measured in triplicate, 10 specimens were
used for each of the other mechanical characterization tests.

Table 10. Performed tests and respective adopted standards and equipment.

Performed Test/Process Standard Equipment Manufact}n‘er
Information
Laboratory Disintegrator ISO 5263-1 [24] Lab~o.ratory Pulp PTA Group, Sa}n Sebastian,
Disintegrator Spain
Pilot Disintegrator Not applicable Pilot Pulp SMIL, Covilha, Portugal
Disintegrator ! !

Standard Methods for the

Chemical Oxygen Demand Examination of Water and Thermo Reactor RD Lovibond, Dortmund,
(COD) Wastewater [25] 125 /Photometer MD200 Germany
TAPPI T 275 [26] Sommerville FRANK-PTI GmbH, Birkenau,
Germany
Stock Analysis 1SO 5269-2 [27] Rapld—Kothe.zn Automf;ltlc FRANK-PTI GmbH, Birkenau,
Sheet Forming Machine Germany
Not applicable Digilan Oven IDL 122 Labolan SL, Navarre, Spain
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Table 10. Cont.

Performed Test/Process Standard Equipment Manufact},u‘er
Information
pH 150 6588-1 [28] SevenDirect SD23 Mettler Toledo, Greifensee,
Switzerland
Thickness 1SO 534 [29] Universal Electric Micrometer PTA Group, Szim Sebastian,
MU-25 Spain
Paper Production Not applicable Dr. Mader P.110t Paper Dr. Mader, Maschinenbau,
Machine Germany
Volatile Solids Content 150 1762 [16] Muffle Nabertherm, Lilienthal,
Germany

Internal Bond Strength (Scott
bond method)

Precision Scientific, Petroleum
Instruments, Houston, TX,
USA

Scott internal bond tester

ISO 16260 [19] Model-B

Tensile Index, Elongation,
Young’s Modulus, T.E.A. (MD

Thwing-Albert Instrument

Universal Mechanical testing Company, West Berlin, NJ

ISO 1924-2 [20] machine

and CD) USA
Burst Index 1SO 2758 [21] Burst Tester EM 50-80 PTA Groufs"p Sﬂl‘ Sebastian,
Tear Index DEA-100 ElImendorf PTA Group, San Sebastian,

(MD and CD) 150 1974 [22] Automatic Tear Tester Spain

5. Conclusions

This study shows that a brown packaging paper with a strength additive is technically
recyclable in conventional mills at both laboratory and pilot scales, achieving high CEPI
scores (TRS 99 and 97) and high fiber recovery. While laboratory results confirmed recy-
clability, pilot-scale trials revealed increased levels of ER, DCS, COD, and macro-stickies,
highlighting scale-dependent effects not observed at laboratory scale. No major defects
were observed in handsheets formation, although runnability limitations, such as sheet
adhesion at higher machine speeds, were identified. The mechanical properties of the
recycled papers were consistent with expected post-use fiber behavior.

Opverall, these findings support a two-tier assessment strategy: using the CEPI method-
ology for harmonized classification and complementing it with pilot-scale pulping and
papermaking to assess process-related risks under more realistic conditions. It should
be noted that these conclusions are specific to the studied material and conditions, and
further work considering different additive systems, grammages, and multiple recycling
cycles is required to extend their applicability to other functional paper systems. This
combined approach offers designers and mills a balanced path to regulatory alignment and
operational robustness for fiber-based packaging with functional additives, supporting the
need to complement standardized recyclability tests with pilot-scale validation to ensure
compliance with PPWR requirements for recyclability at scale and in practice.

Despite the limitations in statistical treatment and scale-related variability, the consis-
tency of the observed trends supports the robustness of the main conclusions.
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CEPI  Confederation of European Paper Industries

PPWR  European Union Packaging and Packaging Waste Regulation
ER Evaporation Residue

DCS Dissolved and Colloidal Substances

COD  Chemical Oxygen Demand

CR Coarse Reject
AC Accepted Coarse
FR Fine Reject

AM Accepted Material

MS Macro-stickies

TRS Technical Recyclability Score
TSY Total Screening Yield

VI Visual Impurities
SA Sheet Adhesion
NP Norma Portuguesa (Portuguese Norm)

EN European Norm

ISO International Standard Organization
TE.A. Tensile Energy Absorption

MD Machine Direction

CD Cross Direction
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