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ABSTRACT

The Biobio region in Chile is characterized by a strong forestry indus-
try, which provides jobs and supports regional GDP. Cellulose produc-
tion is one of the most economically relevant activities, but it causes
environmental, social, and public health problems. The generation of
polycyclic organic compounds in cellulose production is one of the
primary pollutants. It can produce endocrine effects and DNA altera-
tion through interaction with enzymes of the CYP family and Aryl hy-
drocarbon receptors, affecting organisms' functioning. Retene is one
of the polycyclic aromatic organic compounds generated in cellulose
production. However, its harmful potential for human health remains
poorly explored. From another perspective, the circular economy
seeks to use production waste as inputs. However, cellulose conta-
minants are found in traces, resulting in a limitation for promoting a
valorization industry. Under a reduction approach, there is a potential
to improve production processes that increase retene and form other
organic compounds, thus preventing cellulose contaminants from
entering the environment. This review approaches the environmen-
tal problem from an interdisciplinary perspective, to highlight bioche-
mistry and circular economy in order to determine and solve a priori
environmental problems.

Keywords: wastewater pollution, polycyclic aromatic hydrocarbons,
environmental pollution, pull mill, endocrine disruptors.

RESUMEN

La region del Biobio en Chile posee una fuerte industria forestal, que
genera empleos y sostiene el PIB regional. La produccién de celulosa
es una de las actividades més relevantes econémicamente, generan-
do problemas ambientales, sociales y de salud pUblica. La generacién
de compuestos organicos en la produccion de celulosa es uno de los
principales contaminantes pudiendo producir efectos endocrinos y
alteracion del ADN a través de la interaccién con enzimas de la familia
CYP y receptores de hidrocarburos arilo, afectando el funcionamiento
de los organismos. El Reteno es uno de los compuestos generados en la
produccién de celulosa. Sin embargo, su potencial efecto para la salud
humana sigue siendo poco conocido. Desde otra perspectiva, la econo-
mia circular busca utilizar los residuos de la produccion como insumos.
Sin embargo, los contaminantes de celulosa se encuentran en trazas,
lo que resulta en una limitante para promover una industria de valori-
zacion. Bajo un enfoque reduccionista, se pueden mejorar el proceso
de produccién que aumentan el reteno y forman otros compuestos
organicos, evitando asi que los contaminantes de celulosa ingresen al
medio ambiente. Esta revision aborda el problema ambiental desde una
perspectiva interdisciplinaria, con el fin de determinary resolver proble-
mas ambientales a priori.

Palabras clave: Hidrocarburos arométicos policiclicos, contaminacion
ambiental, celulosa .
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1. INTRODUCTION

The pollution of freshwater bodies is not exclusively a local
problem, but rather a global one. The cellulose industry is
a profitable business that grows every year worldwide. It is
one of the main activities responsible for water resources
deterioration due to the amount of water required for the
process and the amount of liquid industrial waste it gene-
rates, ranking globally as the sixth largest industrial gene-
rator of liquid pollutants (Ugurlu et al., 2008; Simao et al,,
2018; Singh & Chandra, 2019).

Forestry sector operations in Chile have not been far from
this reality. The Chilean forestry industry dates back to
Spanish colonization in the 16th century, undergoing an
intense modernization process in the last fifty years (Do-
noso & Otero, 2005; Camus & Solari, 2008). In 2018, the
forestry sector contributed $US 4.581 billion annually to
the country's gross domestic product (GDP), of which $US
4.277 billion came from cellulose production. This gene-
rated 113,769 jobs, of which 7,765 correspond to emplo-
yees linked to cellulose production (Gysling et al., 2019).
In the same year, $US 3.66 billion were exported, mainly
to China,

South Korea, and the Netherlands (Gysling et al., 2019).
The forestry industry's increased relevance has resulted
in a series of economic expansion policies dating back to
the 1970s. This expansion has generated a high presen-
ce of corporations associated with cellulose production
in Chile and South America. Their operations have had
environmental effects and also affected a socio-cultural
level by excluding surrounding social actors. The most re-
cognized effect occurred in 2005 when there was a signi-
ficant decrease in the population of black-necked swans
in Valdivia due to the waste dumped by the Arauco pulp
mill in the Cruces River (Ehrnstrom-Fuentes, 2015; Ehrns-
trom-Fuentes & Kroger, 2017). As an approach that seeks
to minimize the socio-environmental impacts of produc-
tion processes, the Circular Economy (CE) has acquired
prominence as demonstrated through public policies and
research centers promising to affect all industrial sectors.
In this context, it is interesting to establish a first analysis
that allows the exploration of CE offers for the cellulose
case, accompanied by a biochemical perspective aiming
to understand the effect of production on the population.

1.1 Context of the forest industry in the Biobio region
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In the Biobio region, the industry dedicated to cellulose
production is found mainly in the basin of the Biobio Ri-
ver, which runs between 36°45'S; 72°59' W and 38°20'S;
71°15' W with a length of 380 Km, from headwaters in the
Icalma and Galletué lakes in the Andes Mountains (Orrego
et al., 2006). The Biobio River receives 100000 tons per
year of wastewater from the cellulose industry, containing
residues from pulp production and paper manufacture ba-
sed on monoculture forest species Pinus radiata and Eu-
calyptus nitens (Videla & Diez, 1997; Orrego et al, 2006).
The Biobio River basin is a complex system because of its
diversity and because 5% of its population belongs to the
indigenous Mapuche ethnic group. On a national level, the
Biobio River is of great importance for economic develop-
ment. Apart from the cellulose industry, farms, industrial
refineries and hydroelectric plants also use the river. The-
refore, the Biobio River Basin represents a complex mosaic
of activities, inhabitants, and biological diversity (Diaz et
al., 2018). It is important to note that there are five cellulo-
se production plants in the Biobio region (Table 1). These
plantsimpact the area's industrialization and employment
rates. They contribute 15.8% of the forest GDP and gene-
rate 7,765 jobs (Salas et al., 2016; Gysling et al., 2019).
However, they also impact the native state of the river in
terms of its composition since the waste originated in the
production process will directly alter these industries' en-
vironmental dynamics.

Table 1. Cellulose production plants in the
Biobio region (Gysling et al., 2019).

Pulp mill plant | class Production | Location
(tons) (Commune)

BO Paper Thermo- 125000 San Pedro

Bio-Bio SA mechanical de laPaz

Celulosa Arauco | Chemical 790000 Arauco

y Constitucién

SA

CMPC Pulp SPA | Chemical 330000 Laja

CMPC Pulp SPA | Chemical 1500000 Nacimiento
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2. LIQUID INDUSTRIAL WASTE FROM CELLULOSE
PRODUCTION

The liquid waste from cellulose production has a contami-
nant load based on the contribution of suspended solids
from biodegradable organic matter. This figure is mea-
sured as biological oxygen demand (BOD5S ) in the order
of 744 mgL-1 to 400 mgL-1 according to samples obtai-
ned from two effluents near the Biobio River (Gaete et al,,
2000). The cellulose industry has introduced improve-
ments to reduce the BODS5 rates, integrating physical-che-
mical treatments to eliminate suspended solids (SS) and
biological treatments to reduce organic matter (Chamo-
rro et al., 2013). However, certain compounds resist bio-
logical treatment. They are present in the wastewater
that goes to the receiving bodies, intervening in various
organisms' physiology and metabolism (Gaete & Paredes,
1996; Gaete et al., 2000; Orrego et al., 2006; Chiang et al.,
2015). The characterization of the liquid industrial wastes
originating from cellulose production is problematic sin-
ce these wastes constitute a complex matrix of organic
compounds. We can find compounds usually present in
nature, such as tannins, resin acids, lignin, phytohormo-
nes, phytosterols, and stilbenes. Simultaneously, we have
compounds that originate in the production process and
enter the environment as exogenous elements known
as xenobiotics (Top & Springael, 2003). The Xenobiotics
found in the residues of the cellulose production process
include chlorinated lignins, phenols, dioxin, polychlorina-
ted dibenzodioxins, benzo[Alpyrene (B[a]P), benzoanthra-
cenes, benzoflavones, and retene, among other polycyclic
aromatic hydrocarbons (PHA) (Ali & Sreekrishnan, 2001;
Lahdelma & Oikari, 2005; Hernandez et al., 2013; Murray
et al, 2014). Xenobiotics have an anthropogenic origin
and are molecules that enter the environment in higher
concentrations than natural ones (Top & Springael, 2003).
When discharged into rivers, these molecules form sedi-
ment. The benthos retains and progressively releases the
contaminants, expanding the species inhabiting this par-
ticular environment and inducing molecular machinery
expression that metabolizes these compounds and main-
tains cellular homeostasis.

In general, xenobiotics altering the normal functioning
of organisms are called endocrine disruptors (ED). They
directly alter the production, delivery, and metabolism of
some hormones, or through a functional mimicry effect,
produce epigenetic changes in subsequent generations
and obesity problems (Birkett & Lester, 2002; Anway &
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Skinner, 2006; Casals-Casas & Desvergne, 2011; Darbre,
2017). Xenobiotics can enter the cell by passive transport
(Fig.1). For example, once in the cytosol, PHA binds to the
Aryl hydrocarbon receptor (AHR), triggering a signal that
will end in the expression of the Cytochrome P450 (CYP)
protein. The AHR receptor belongs to the subfamily of
transcription factors called bHLH (basic Helix-Loop-Helix).
It forms a cytosolic complex with the 90-kDa heat shock
protein (HSP90) and hepatitis B virus X-associated protein
2 (XAP2) (Plant et al., 1987; Beischlag et al., 2008). The xe-
nobiotic binds to AHR as an agonist. Then, the xenobio-
tic-AHR complex migrates to the nucleus, forming a dimer
with the aryl hydrocarbon receptor nuclear translocator
(ARNT) and dissociating from the HSP90 and XAP2 prote-
ins (Bersten et al., 2013; Murray et al., 2014). ARNT leads
the protein/ligand complex, formed by polycyclic hydro-
carbon and AHR, to regions of the DNA called dioxin res-
ponse elements (DRE) (Murray et al., 2014). DRE are con-
sensus sequences found upstream of genes expressed by
dioxins. The AHR/ARNT/ligand complex binds to the DRE
sequences hosted in gene-promoting regions such as
CYP1A1 (Li et al., 2014), promoting the expression of en-
zymes required for degradation of xenobiotic compounds.
The cytochrome P450 enzyme (CYP) is a highly conserved
hemoprotein in the animal kingdom, which uses NADPH
as a cofactor. It participates in the degradation of xenobio-
tic compounds by catabolizing mono-oxidation reactions
(Fujii-Kuriyama & Mimura, 2005). CYP is a superfamily that
includes more than 13,000 genes grouped in 400 families.
In Homo sapiens, at least 57 genes and 58 pseudogenes
grouped in 18 families and 44 subfamilies have been do-
cumented. Families 1-3 of CYP are the most active, and
their expression and activity are concentrated in the liver
to metabolize organic compounds (Manikandan & Nagi-
ni, 2018). Therefore, these enzymes are useful molecular
biomarkers of environmental quality since they are ove-
rexpressed by organisms exposed to xenobiotics in their
environment. Environmental and toxicology studies wi-
dely use the measurement of the activity or expression of
CYP isoforms(Hong & Yang, 1997; Fujita et al., 2001; Taka-
no et al., 2002; Buratti et al., 2003; Rasanen et al., 2012;
Jansen van Rensburg et al.,, 2019; Vahakangas et al., 2019)
After PHA metabolization, epoxies can form, pass from the
cytoplasm into the nucleus and react with the DNA, gene-
rating what is known as an adduct. The adduct is formed
from covalent bonds of the benzyl carbon of the xenobio-
tic and the amino group of deoxyadenosines and deoxy-
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guanosine residues (Essigmann et al, 1977; Massion et al,
2016; Barnes et al, 2018; Estévez et al, 2019). When the
DNA replicates, the adducts’ interference results in mu-
tations with the potential to develop neoplasms (Denis-
senko et al, 1996; Hecht, 1998; Szeliga & Dipple,1998; Vi-
neis and Perera, 2000; Tarantini et al., 2011; Poirier, 2016).
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Figure 1. Diagram of the Cytochrome P450 expression
induced by polycyclic aromatic hydrocarbons such as
Benzola]pyrene. PHA enters the cell by facilitated trans-
port. It promotes the expression of genes of the CYP1A
and CYP1B family through coordination between the Aryl
hydrocarbon receptor, the Aryl hydrocarbon translocator,
and the xenobiotic. This complex translocates to the nu-
cleus where it binds to dioxin response sequences ups-
tream of the CYP genes, being a regulatory transcription
factorin CIS.

3. HUMAN HEALTH RISKS ASSOCIATED WITH RETENE

Retene (1-methyl-7-isopropyl phenanthrene) is a polycy-
clic organic compound formed from abiatane skeletons
by combustion processes, such as wood burning. For this
reason, it is a molecular marker of environmental pollution.
When subjected to high-temperature thermal processes,
this compound is reduced and generally transformed into
retene and is considered like a new compound toxic for
metabolism (Ramdahl, 1983; Marchand-Geneste & Carpy,
2003; Diniz et al., 2010). Retene has been found in lakes
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and sediments without anthropogenic activity in concen-
trations of nanograms to micrograms per dry gram of sedi-
ment by bacterial aromatization of abiatic acid (Zender et
al, 1994; Billiard et al, 1999). This concentration increases
by many orders of magnitude in sediments located downs-
tream from liquid industrial waste discharge originating
from cellulose production, reaching concentrations of
1330 pgg-1(Lahdelma & Okari, 2005; Rasanen et al., 2012).

Studies on aquatic vertebrates, such as Danio rerio, On-
corhynchus mykiss and Xenopus Tropicalis, associated
retene and other aromatic compounds, such as Benzola]
Pyrene, with disruptive activity on several processes, in-
cluding apoptosis, teratogenesis, cell growth, cell adhe-
sion and mobility, cardiovascular development, xenobiotic
metabolism, lipid transport and metabolism, and amino
acid metabolism (Regnault et al., 2018).

These compounds are closely related to the expression of
CYP1A genes by binding to the AHR and show dioxin-like
toxic behavior (Gelboin, 1980; Billiard et al., 2002; Oikari et
al., 2002; Hawliczek et al., 2012: Regnault et al., 2018). Few
studies have been done on the effect of retene in humans,
partly because it is not on the PHA list that the United Sta-
tes Environmental Protection Agency (US-EPA) monitors
for compounds with carcinogenic potential (Jarvis et al.,
2014). Cytotoxicity has been demonstrated in human
lung cells treated with 30 ngml-1 retene for 72 hours, and
subsequent experiments have shown retene-induced cell
death and oxidative stress (de Oliveira Alves et al., 2017;
Peixoto et al., 2019). In the hepG2 liver cell line, retene is
metabolized in 24 hours through the ortho-quinone rou-
te, where the cytochrome P450 protein expression is also
stimulated (Huang et al., 2017).

Retene and several other PHAs are not regulated by Chi-
lean legislation; furthermore, there are no constant upda-
tes based on regulations of other countries (DS 609/1998,
MOP; DS 90/2000, SEGPRES; DS 148/2003, MINSAL). Ac-
cording to all this biochemical context, from a normative
point of view, environmental legislation is lax. Additionally,
the lack of innovation spaces has generated an organiza-
tional culture that focuses only on treating downstream
cellulose production pollutants. However, the potential
scale of pulp industry impacts on natural ecosystems
and human sites, along with consumers demanding bet-
ter production standards, necessitates the application of
cross-cutting approaches to minimization, such as the
Circular Economy.
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4. CIRCULARITY STRATEGIES

Circular Economy (CE) is currently positioned as one of the
most relevant principles of industrial ecology, promoting
the decoupling of economic growth and socio-environ-
mental impact. At the productive level, the objective of CE
is to minimize waste generation, especially those wastes
which do not present alternatives to recovery. A CE-based
approach takes natural cycles as its technical references.
Each material or energy flow is integrated as a recoverable
component within other natural systems. CE has been in-
terpreted through a hierarchy of circular strategies in was-
te management, extending to a maximum of 10 strate-
gies (Figure 2). Systems that focus on the higher hierarchy
strategies are preferable because they involve minimal or
nonexistent natural resource extraction. In the cellulose
industry and particularly for retene, two main constraints
make the implementation of CE strategies difficult. The
first is related to the microscopic retene concentrations,
making its identification and extraction difficult. The se-
cond is based on the state of the art of polycyclic aromatic
hydrocarbon valorization. At present, no processes have
been identified in which retene and other similar organic
components originating from cellulose production pro-
cesses can be used as input.

Circular Economy

Ro Refuse |

I R1 Rethink
R2 Reduce

R3 Reuse

_ R4 Repair ‘

RS Refurbished

‘ R6 Remanufacture ‘

R7 Repurpose

R8 Recycle

+ . R9 Recover

Figure 2. CE hierarchy according to Potting et al., 2017
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Only wastewater recycling and industrial symbiosis strate-
gies have been used in European countries such as Swe-
den and Norway (Molina-Sdnchez et al, 2018; Domenech
etal, 2019). For both limitations, the promotion of research
lines to explore detection and valorization methods is a
critical element that can add value to the industry. Despi-
te these limitations, the CE hierarchy offers two relevant
foci to minimize the environmental, social, and econo-
mic impact of the cellulose production cycle. The first is
associated with the Reduction strategy that can succeed
by improving processes. In particular, the control of the
thermal processes, to reach complete combustion, would
allow an early decrease in retene production (Simoneit,
2002). The second focus corresponds to the reprocessing
of cellulose products through recycling, considering that
the combustion stage that occurs in the recycling stages
is not directly associated with the production of retene, al-
though it is related to other highly persistent compounds,
such as resin acids (Rigol et al., 2002; Terasaki, 2008). If the
generation of pollutants from recycling were lower than in
the industry that uses virgin material, this would further
enhance an iconic industry characterized by its maturity
and scope. In Chile, paper and cardboard recycling alone
leads the rates per material with 80% (Pacto Global, 2015).
Notably, the use of paper and cardboard to generate new
cellulose products avoids the extraction of forest resour-
ces and, therefore, the socio-environmental conflicts as-
sociated with their exploitation.

5. CONCLUSIONS

In the BioBio region of Chile, deaths and mortality rates
since 2000 show an increasing trend (MINSAL, 2011; Itria-
go et al,, 2013). Environmental risk factors affecting the
prevalence of some types of cancer are associated with
economic activity, mainly the forestry and agricultural
industry, exposing the population to residual chemicals
(Itriago et al., 2013). Based on this, it is urgent to study
the possible impacts on human health from liquid indus-
trial waste PHAs, particularly retene. On the other hand,
environmental pollution is not restricted to the empirical
determination of the effects of a particular compound
on human health or its impact on the environment. Still,
it acquires a much greater value when the problem is ad-
dressed from its socio-cultural context since it originates
from this context. Scientific alignment in environmental
matters must go hand in hand with applying new techno-
logies, such as mass sequencing and spectroscopy. These
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technologies can determine the metabolic pathways and
possible a priori impacts of compounds originating in ce-
llulose production, and in the industry at large, to adopt
precautionary measures. The concentration at the trace
level, together with the lack of productive processes that
use retene and other polycyclic organic compounds as
inputs, makes it difficult for CE to minimize environmental
impacts. However, a macro analysis allows us to reinfor-
ce the importance of improving combustion processes
and paper and cardboard recycling benefits. For the latter,
other studies are needed to compare the generation of a
broader range of pollutants in both cellulose production
lines (virgin material vs. recycling) to minimize the impact
on public, environmental and social health.
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