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Abstract.

This work evaluated caffeine removal in a vertical flow constructed wetland (VFCW),
planted with Vetiveria zizanioides. The feeding was continuous (synthetic influent:
mineral medium and caffeine) to reduce the concentration variations in the bed.
Two influent concentrations (0.75 + 1.0 mg-L='and 1.5 + 1.0 mg-L™!) were used with
a constant hydraulic load (100 + 10 L-m~2.d™!). Plant growth was monitored weekly,
and characterization was carried out to determine the levels of chlorophyll a and b,
pigments and carotenoids, and nutrients (nitrogen, phosphorus, magnesium, calcium,
sodium and potassium). HPLC-MS was used to determine the caffeine concentration.
The caffeine removal efficiency reached averages of 93 + 1% and 87 + 1% (retention
time: 6.23 + 0.23 hours). The caffeine contents in the influent did not affect chlorophyll
a, total chlorophyll or carotenoids, and an increasing trend throughout the tests was
observed. Sodium and potassium contents also showed an increase with higher
caffeine concentration. This preliminary study showed that removing caffeine from
wastewater using a VFCW is promising.

wastewater, emergent pollutants, caffeine, vertical flow constructed
wetlands, Vetiveria zizanioides

Most pharmaceutical products are not completely metabolized after human ingestion
resulting in the metabolites excretion and other similar compounds that reach wastew-
ater treatment plants (WWTPs) [1]. Since these plants are not designed with the specific
purpose of removing pharmaceutical compounds, their detection is often found in
effluents and surface water [2]. Among the pharmaceuticals, caffeine has been widely
studied in wastewater treatment systems. As an alkaloid, a psychoactive substance,
legal is one of the most consumed in the world, being present in different drinks, such

as coke soft drinks, coffee, tea, and energy drinks. In humans, caffeine acts on the
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central nervous system, stimulating the body’s alertness and consequently preventing
sleepiness. In developed countries, for example, 90% of the adults consume caffeinein a
daily basis. Thus, caffeine is present both in domestic wastewater and in some industrial
effluents. Due to their high solubility and low volatility, caffeine is quite persistent in water
bodies [3]. These characteristics allow caffeine detection in the environment which are
essential to correlate the risk it may offer to humans and ecosystems [4-7], and its
presence in environmental matrices were confirm in recent studies [8]. Per example,
wastewater from two WWTPs in Barbados, a city with about 300,000 inhabitants, were
analyzed and it was obtained a range of caffeine concentrations from 0.10 to 6.90 pg
L=! [9]; in Italy, 13 WWTPs located in northern, central, and southern (responsible for the
collection and treatment of effluents from 50 to 500,000 inhabitants) were evaluated
and the results showed caffeine concentrations between 17.6 and 67.6 g L™! [10].

Constructed wetlands are considered economical compared to other types of
wastewater treatment systems like ozonation, chlorination, membrane filtration or the
use of activated carbon (high cost, energy demand, and maintenance and therefore
only economical for large plants). The complex processes that occur in these systems
are conducted through the filter material, plants, and mainly by microorganisms
[4]. Treatment wetlands are nature-based technologies with a porous substrate and
typically planted with macrophytes. The water passes through the system horizontally
or vertically in a certain time, also known as nominal hydraulic retention time [11]. The
substrate, as well as the roots of the plants, serve here as a filter and a natural growth
body for the microbial community. These engineered wetlands thus mimic natural
processes to ultimately improve water quality [12]. In recent years, several studies have
deal with the removal of micropollutants through constructed wetlands. A wide range of
wetland projects, operational conditions, and influent compositions to efficiently remove
micropollutants were examined and intensified wetlands showed a great potential [2;
13-14]. Currently, the use of vertical flow has been increasing to remove both organic
matter and nitrogen forms due to the aerobic conditions in this system. [15].

Among a wide range of macrophytes used in these types of projects stands out
Vetiveria Zizanioides, with specific characteristics such as its high resistance to vari-
ations of pH (from 3.0 to 10.5) and temperature of the soil (-10 to 60°C), and to high
concentrations of heavy metals (As, Cd, Pb, Hg, Ni, Se and Zn) [16]. Other features that
may stand out are its asexual mode of reproduction and its long root system [17]. Studies
carried out to assess the removal mechanisms of pharmaceutical compounds in VFCWs
have been shown that this kind of compound, as caffeine, is partially accumulated by

plants [18]. However, it is necessary to understand the main mechanisms involved in
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caffeine removal and its effect of increasing concentrations on plant biomass and system
performance in general. This work aimed to evaluate the caffeine removal capacity
(under two different concentrations) in vertical flow constructed wetlands planted with
Vetiveria zizanioides in expanded clay aggregates as filter material to understand the

removal of this type of pollutant.

The experimental work was carried out in a well-established 8-year-old pilot-scale
vertical flow constructed wetland (VFCW) (0.24 m? x 0.70 m), planted with Vetiveria
zizanioides (plant density higher than 120 plants m~2), filled with light expanded clay
aggregates (Filtralite® NR 10/20), with a bottom slope of 2%, applied to enable the
hydraulic collection of the effluent. A layer of gravel (diameter 10—-50 mm) was placed
around the outlet valve to prevent clogging by fine particles. The flooding levels
were maintained at 14% through a siphon in the outlet. The pilot bed was fed in
continuous mode, through network sprinklers, equidistantly located over the whole
VFCW using a submersible pump (Eheim- 1250, Deizisan, Germany) in feeding tank
(Fig. 1). A synthetic wastewater was prepared with mineral medium composed by 28
mg-dm~3CaCl,, 52 mg-dm—>MgS0O,-7H,0, 17.40 mg-dm~—>KH,PO,, 11 mg-dm~K,SO,,
0.03 mg-dm™3CuCl,-2H,0, 0.18 mg-dm~>MnCl,.4H,0, 0.08 mg-dm~ ZnCl,, 1.7 mg-dm™
FeSO,-7H,0 diluted in tap water [19], and caffeine to minimize variations in concentration
of influent in the batch’s reservoirs [Caffeine (>99%) was purchased from Sigma—Aldrich

(Germany)].

The VFCW was acclimatized during one month before the beginning of trials by
the application of 0.75 mg-L™! of caffeine and hydraulic load (C,) was kept constant at
100410 L-m~2.d™!. The experiment was designed to rise caffeine concentration at two
different concentrations (0.75 mg-L~™! and 1.5 mg-L™!), ignoring any ordinary low levels
occurring in wastewater [3]. Each trial occurs approximately during one month for each
caffeine concentration (from April till July). Each new trial was initiated by increasing the
caffeine concentration. Wastewater samples were collected at the inlet and outlet of the
VFCW from Monday to Friday, at 10:00 a.m, wherefore a minimum of ten samples were
taken from influent and effluent wastewater in each trial. The electrical conductivity (EC),
pH, redox potential (Eh) and dissolved oxygen (DO) were immediately measured in situ,
using a portable probe multiparameter (HI9829 HANNA). Aliquots were frozen (-20°C)
to determine the caffeine. The studied caffeine concentration at the inlet (0.75+1mg-L~!;

1.5+1 mg-L™!) and outlet, as well as in the plant biomass after leaves extraction, was
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Sample collection

Figure 1: Schematic representation (not at scale) of the VFCW (0.24 m?x 0.70 m).

determined using a HPLC-MS UltiMate 3000 HPLC series da Thermo Scientific (Thermo
Scientific, EUA) with ionization source (ESI), [3; 20]. The reverse phase analytical column
used was an Accucore aQ C18 de 100 x 2,1 mm, at 25 °C. Separation was performed
in isocratic mode, and the mobile phase used was using a linear composed by 30:70
acetonitrile:water, acidified with 0.1% formic acid (v:v), with a flow of 0.25 mL-min~!
and the infection volume was 25 pL. Three replicate of injections were made for each
sample. HPLC-grade acetonitrile, water and formic acid a were obtained from Fisher

Scientific (USA). All chemicals used were analytical grade.

Vetiveria zizanioides plants were visually inspected on a weekly basis for toxicity
signals. The plant biomass growth (leaves) was monitored at beginning and at the
end of each trial, with different caffein concentration, being determined the levels of
chlorophyll @ and b (Chl @ and Chl b), carotenoids, the concentrations of nutrients
(nitrogen, phosphorus, magnesium, calcium, sodium, and potassium) [21-22].

Results were statistically verified using software “Statistica 12.0” (StatSoft, Inc., USA).

Differences in wastewater quality between influent and effluent of the VFCW were
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determined using ANOVA at the significance level of p<0.05. Tukey’s test was used
to determine differences between means of specific variables. The means and the

standard deviation (S.D.) were calculated with n>10.

The biomass growth was not negatively influenced by the presence of caffeine in the
influent. There was an increment in the growth of biomass during the second trial

(caffeine concentration: 1.5+1 mg-L™").

The level of Chl g, and carotenoids showed an increased tendency due to the feeding
of plants with caffeine (Fig. 2a). However, the Chl b level showed a very strong tendency
to decrease during the trials.

Sodium (Na) and potassium (K) levels showed an increasing trend due to increased
caffeine level in the influent of the VFCWs (Fig. 2b).
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Figure 2: (a) Chlorophyll level [a, b and total], and (b) biomass composition [Mg, Ca, K, and Na] determined
at beginning and at the end of each trial.

The results obtained for potential redox, dissolved oxygen and pH are presented at
Figure 3.

The potential redox measured in the inlet and outlet of the VFCWs was always
positive. There was not significant difference when compared the average values
obtained for the influent and effluent (p>0.05) (Fig.3a). The dissolved oxygen of the
effluent increased in both trials (Fig.3b), possibly due to the capacity of the plants or
the type of flow that allowed the replacement of oxygen consumed by the microbial
presented in the beds. The outlet pH decreased, without statistical significance at both
trials (p>0.05), when compared with inlet synthetic wastewater (Fig.3c). Additionally, it
was not observed significative difference at electrical conductivity between the influent
and effluent at the beds monitored (p>0.05). It this sense, it was deduced that TSS
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Figure 3: Evolution of potential redox - Eh (a), Dissolved oxygen (b), and pH (c) during experiment.

concentration remained constant over the trials and did not occur precipitation of salts
during the experiment.

Regarding efficiency and effective monitoring of beds (HRT=6.23+0.23 hours), it was
obtained, considering the different and increasing concentrations of caffeine (0.75+1

mg-L™!; 1.5+1 mg-L-1), an average removal of 93+1% and 87+1%, respectively (Fig. 4).
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Figure 4: Caffeine concentration at VFCW (inlet and outlet), in each trial.

As mentioned before, although our HRT was 6.23+0.23 hours, the results obtained in
our study were like others presented at literature [24]. Performing lab trials with a VFWC
with an HRT of 7 days, it was achieved removal efficiencies of 97%. Other authors [3]
using a retention time of 21 days obtained a removal efficiency in hydroponic conditions
until 99 % [3].

The caffeine content in the leaves of Vetiveria zizanioides suggested that the plant
assimilated during the experiment about 10 pg-g~' of natural biomass. Therefore, it

was also observed that with the increase in the caffeine concentration, the pollutant
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mass load input increased, leading to a reduction in the plant’s capacity to removal the

emergent pollutant in the system evaluated.

The results obtained showed a removal efficiency up to 93% of caffeine using vertical
flow constructed wetlands with Vetiveria zizanioides, suggesting an assimilation of 10
Hg-g-1 by plants. However, given the high caffeine removed content, this was not the
main removal mechanism, pointing to the possible formation of metabolites and their
assimilation by plants. In this sense, it will be important consider for future research, the
internal sampling and analysis of the microbiota involved in the removal mechanism.
This preliminary study showed that removing caffeine from wastewater using VFCW is

promising.

The authors are very grateful for the support given by research unit Fiber Materials and
Environmental Technologies (FibEnTech-UBI), on the extent of the project reference
UIDB/00195/2020, funded by the Funda¢do para a Ciéncia e a Tecnologia.

[11 Zhang D, Luo J, Lee ZM, et al. Characterization of microbial communities in wetland
mesocosms receiving caffeine-enriched wastewater. Environmental Science and
Pollution Research. 2016;23(14):14526-39. https://doi.org/10.1007/s11356-016-6586-4

[2] Hijosa-Valsero M, Reyes-Contreras C, Dominguez C, Bécares E, Bayona JM.
Behaviour of pharmaceuticals and personal care products in constructed wetland
compartments: Influent, effluent, pore water, substrate, and plant roots. Chemo-
sphere. 2016;145:508-517. https://doi.org/10.1016/j.chemosphere.2015.11.090

[3] Zhang DQ, Hua T, Gersberg RM, Zhu J, Ng WJ, Tan SK. Fate of caffeine in
mesocosms wetland planted with Scirpus validus. Chemosphere. 2013;90(4):1568-
1572. https://doi.org/10.1016/j.chemosphere.2012.09.059

[4] Montagner CC, Vidal C, Acayaba RD. Contaminantes emergentes em matrizes
aquaticas do Brasil: Cenario atual e aspectos analiticos, ecotoxicolégicos
e regulatérios. Quimica Nova. 2017;40(9):1094-1110. https://doi.org/10.21577/0100-
4042.20170091

DOI 10.18502/kms.v7i1.11622 Page 190



B KnE Materials Science FibEnTech21

[5] Wu J, Yue J, Hu R, Yang Z, Zhang L. Use of caffeine and human pharmaceutical
compounds to identify sewage contamination. International Journal of Civil and Envi-
ronmental Engineering. 2010;2(2):98-102. https://doi.org/10.5281/zenodo.1070943

[6] Gracia-Lor E, Castiglioni S, Bade R et al. Measuring biomarkers in
wastewater as a new source of epidemiological information: Current
state and future perspectives. Environment International. 2017;99:131-150.
https:/doi.org/10.1016/j.envint.2016.12.016

[7] Ferreira AP. Caffeine as an environmental indicator for assessing urban
aquatic ecosystems. Cadernos de Salde Publica. 2005;21(6):1884-1892.
https://doi.org/10.1590/S0102-311X2005000600038

[8] Marasco Junior CA, Luchiari NC, Gomes PCFL. Occurrence of caffeine in wastewater
and sewage and applied techniques for analysis: A review. Eclética Quimica Journal.
2019;44(4):11-26. https://doi.org/10.26850/1678-4618eqj.v44.4.p11-26

[9] Edwards QA, Kulikov SM, Garner-O’neale LD. Caffeine in surface and wastewaters in
Barbados. West Indies Springer Plus. 2015;4(57):1-12. https://doi.org/10.1186/s40064-
015-0809-x

[10] Senta |, Gracia-Lor E, Borsotti A, Zuccato E, Castiglioni S. Wastewater analysis
to monitor use of caffeine and nicotine and evaluation of their metabolites
as biomarkers for population size assessment. Water Research. 2015;74:23-33.
https:/doi.org/10.1016/j.watres.2015.02.002

[11] Sossalla NA. Characterization, resilience, and optimization of micropollutant and
biological effect removal by treatment wetlands treating municipal wastewater

[Thesis to obtain the academic degree Doctor of natural sciences]. Germany; 2021.

[12] Nivala J, Boog J, Headley T et al. Side-by-side comparison of 15 pilot-
scale conventional and intensified subsurface flow wetlands for treatment of
domestic wastewater. Science of the Total Environment. 2019;658:1500-1513.
https:/doi.org/10.1016/j.scitotenv.2018.12.165

[13] Matamoros V, Arias CA, Brix H, Bayona JM. Removal of pharmaceuticals and
personal care products (PPCPs) from urban wastewater in a pilot vertical
flow constructed wetland and a sand filter. Environment Science Technology.
2007;41:8171-8177. https://doi.org/10.1021/es071594+

[14] Nivala J, Kahl S, Boog J, van Afferden M, Reemtsma T, Miller RA. Dynamics of
emerging organic contaminant removal in conventional and intensified subsurface
flow treatment wetlands. Science of the Total Environment. 2019;649:1144-1156.
https:/doi.org/10.1016/j.scitotenv.2018.08.339

DOI 10.18502/kms.v7i1.11622 Page 191



B KnE Materials Science FibEnTech21

[15] Vymazal J. Proc. conf. The use of aquatic macrophytes for wastewater treatment in
constructed wetlands. Dias V, Vymazal J, editors. Lisboa: ICN e INAG; 2003.

[16] Truong P, Hart B. Vetiver system for wastewater treatment. Queensland; 2001.
Available from: https:/www.vetiver.org/PRVN_wastewater_bul.pdf

[17] The  World Bank. Vetiver grass: The hedge against erosion.
4" ed. Washington DC: The World Bank; 1993. Available from:
http://www.vetiver.org/PUBLICATIONS/TVN_greenEng.pdf

[18] Kadlec RH, Wallace S. Treatment wetlands. 2" ed. Boca Raton: Taylor & Francis;
200s8.

[19] Dordio AV, Belo M, Teixeira DM et al. Evaluation of carbamazepine
uptake and metabolization by Typha spp., a plant with potential
use in phytotreatment. Bioresource Technology. 2011;102(17):7827-7834.
https://doi.org/10.1016/j.biortech.2011.06.050

[20] Hunter RG, Combs DL, George DB. Nitrogen, phosphorous and organic carbon
removal in simulated wetland treatment systems. Archives of Environmental Contam-
ination and Toxicology. 2001;41(3):274—-281. https://doi.org/10.1007/s002440010249

[21] APAH. Standard methods for the examination of water and wastewater. 22nd
ed. Washington DC: American Public Health Association/American Water Works

Association/Water Environment Federation; 2013.

[22] Campbell CR, Plank CO. Handbook of reference method for plant analysis. Kalra YP,
editor. Boca Raton: CRC Press; 1998.

[23] Lichtenthaler HK. Chlorophylls and carotenoids: Pigments of photosynthetic
biomembranes. Methods In Enzymology. 1987:350-382.

[24] Oliveira M, Atalla AA, Frihling BEF, Cavalheri PS, Migliolo L, Filho FJCM. Ibuprofen
and caffeine removal in vertical flow and free-floating macrophyte constructed
wetlands with Heliconia rostrata and Eichornia crassipes. Chemical Engineering
Journal. 2019;373:458-467. https://doi.org/10.1016/j.cej.2019.05.064

DOI 10.18502/kms.v7i1.11622 Page 192



	Introduction
	Material and methods
	Results and discussion
	Conclusions
	Acknowledgments 
	References

