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Abstract
Access to treated water has increased in urban areas of the developing world in recent decades: However, many regions 
still lack proper sanitation or safe drinking water. Among the existing studies on low-cost water treatment methods to 
solve this problem, the application of cacti species is still a recent one. Considering this, the present study aimed to evalu-
ate the best cactus species (Opuntia ficus-indica, Cereus jamacaru and Cereus jamacaru monstrosus) on the simultaneous 
removal of pathogens, improvement in physical–chemical conditions, without letting cytotoxic residues on water. Tests 
were carried out using river water and small pieces of cladodes at dosages of 15, 25, 50 and 75 (g L−1) in agitation periods 
of 2 min at 60 rpm and settling periods of 30, 120 and 360 min. O. ficus-indica performed better than C. jamacaru in remov-
ing E. coli, turbidity, color, iron and nitrate, and a dosage of 25 g L−1 of cactus was found to be the most efficient for water 
treatment. This dosage resulted in a maximum non-cytotoxic exposition time of 30 min for O. ficus-indica and of 120 min 
for C. jamacaru. Considering how efficient these cacti have shown to be in removing pollutants, and how widespread 
and easy to cultivate they are, they could be considered as a safe, low-cost alternative to other coagulation–flocculation 
products in water treatment processes.
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1  Introduction

Access to treated water has increased in urban areas of 
the developing world in recent decades; however, many 
regions still lack proper sanitation or access to piped water. 
As a consequence, there is an increased occurrence of 
waterborne diseases [16, 20].

The occurrence of waterborne diseases is sometimes 
linked to low sanitation coverage. This lack of proper sani-
tation may lead to epidemic cases of typhoid fever, gastro-
enteritis, diarrhea, hepatitis, conjunctivitis and other clini-
cal manifestations caused by viruses, protozoa, helminths 

and bacteria, affecting especially developing countries [5, 
10].

Therefore, there is an increasing concern in providing 
clean and safe drinking water supplies all around the world, 
despite the existence of various water treatment strategies 
[29]. Several traditional and advanced technologies, such as 
coagulation/flocculation, flotation, precipitation, adsorp-
tion, membrane filtration and biological and electrolytic 
methods, have been utilized to remove particulates and 
other contaminants from water [18, 19]. Nonetheless, these 
technologies are disadvantageous due to the generation of 
toxic sludge, limitations in the removal of pollutants, process 
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complexity, high consumption of chemicals, and high costs 
of maintenance and operation [15]. Additionally, the fact 
that constructing a water plant is not always a viable solu-
tion, especially in remote communities, makes the need to 
find decentralized alternatives a priority in such cases.

Coagulation–flocculation process is a widely used treat-
ment on water or wastewater clarification due to its simplic-
ity and effectiveness. The importance of the coagulation pro-
cess is based on the formation of microflocs, which help to 
remove turbidity, pathogens and other dispersed colloids 
[11]. This process is usually performed through the use of 
inorganic salts, such as aluminum [21]. However, residual 
aluminum in drinking water has been related to health prob-
lems such as Alzheimer’s disease in humans and toxicity to 
aquatic life [7, 17]. Moreover, increased awareness of costs 
and environmental health problems related to the use of 
conventional coagulants (aluminum and iron) has steered 
study interests toward natural organic coagulants [24].

Natural coagulants are predominantly plant-based. 
More than 14 species with a wide range of ecological dis-
tribution have already been described as successful to 
water treatment [11], which makes them a viable, low-cost, 
multifunctional and biodegradable alternative [22, 37].

Application of cacti species for water treatment is fairly 
recent when compared to other natural coagulants such 
as okra (Hibiscus esculentus) [14], chitosan [31], beans (Pha-
seolus spp.) [3], peach kernel (Prunus persica sieb. zucc.) 
[21], nirmali plants (Strychnos potatorum) [6] and Moringa 
oleifera [28]. Additionally, as most studies conducted so far 
have only considered the application of cacti either alone 
or with aluminum sulfate for removing turbidity [37, 1], 
little is known about the effectiveness of these coagulants 
on removing pathogens and water toxicity.

This study evaluated the application of cacti spe-
cies Opuntia ficus-indica, Cereus jamacaru and Cereus 
jamacaru monstrosus as an alternative ecotechnology for 
water treatment, considering the removal of pathogens, 
improvement in physical–chemical conditions and cyto-
toxicity evaluation of treated water. Although the most 
commonly studied cactus species for water treatment is 
Opuntia ficus-indica [39], and Cereus jamacaru and Cereus 
jamacaru monstrosus are not commonly mentioned in the 
literature, they were included in this study because they 
are commonly found in southern Brazil.

2 � Materials and methods

2.1 � Acquisition of water samples and cactus 
specimen

Water samples were collected from the Queimados River 
(27° 13′ 53.7″ S 52° 1′ 28.4″ W) in the city of Concórdia, 

Santa Catarina, Brazil, and characterized according to 
the Standard Methods For The Examination of Water and 
Wastewater by the American Public Health Association [4]. 
The river is polluted with human and animal wastewater. 
Cladodes from three cacti species, Opuntia ficus-indica, 
Cereus jamacaru and Cereus jamacaru monstrosus, were 
collected from cultivation areas in Concórdia, morphologi-
cally identified, washed with tap water to remove impuri-
ties and then cut into small pieces of about 1 cm3.

2.2 � Experimental setup

2.2.1 � Bio‑coagulation tests

Bio-coagulation tests were carried out with 1 L of river 
water through a jar test at room temperature (± 25 °C). 
Cactus in natura was used as bio-coagulant and added in 
dosages of 15, 25, 50 and 75 (g L−1) [2]. The mixture was 
subjected to agitation for 2 min at 60 rpm. During settling, 
samples were collected from 2.5 cm depth at 30-, 120- and 
360-min intervals. Samples were collected for physico-
chemical, microbial and cytotoxicity assay.

2.2.2 � Determination of physicochemical characteristics

The quantification of turbidity (uT), color (uH), iron, sul-
fate, nitrite, nitrate and ammonia (mg L−1) was performed 
according to APHA standards [4].

2.2.3 � Microbiological assay

For bacteria removal tests, water samples were artificially 
inoculated with Escherichia coli (E. coli) and Salmonella 
enterica serovar Typhimurium (S. typhimurium) at concen-
trations equivalent to a 0.5 tube in the McFarland scale 
(Remel®). Quantification of E. coli and S. typhimurium was 
performed by collecting 1 mL from the supernatant and 
1 mL from the precipitated fractions, which were serially 
diluted on a logarithmic basis. E. coli was quantified in 
a Chromocult Coliform Agar (Merck, Germany) accord-
ing to the manufacturer’s instructions, and results were 
expressed in colony-forming units (CFUs). S. typhimurium 
was quantified in a deoxycholate–lysine–xylose agar 
(Merck, Germany) as described by Magri et al. [23], and 
results were expressed in CFUs.

2.2.4 � Cytotoxicity assay

To evaluate the level of cytotoxicity of treated water, 
healthy bulbs of Allium cepa (A. cepa), acquired in the 
local market in Concordia, were placed to root in flasks 
with distilled water, at room temperature (± 25 °C), and 
constantly aerated, with a period of 12 h of light and 12 h 



Vol.:(0123456789)

SN Applied Sciences (2020) 2:149 | https://doi.org/10.1007/s42452-019-1919-9	 Research Article

of darkness, after which roots with about 1.0 cm of length 
were observed.

The cytotoxicity assay was performed according to 
Fiskesjö [13]. The reading (counting of chromosomal aber-
rations and micronuclei) of the slides was made with an 
optical microscope at 400 × magnification. For each sam-
ple, three thousand cells were evaluated regarding mitotic 
index (MI), micronucleus and aberrations. The MI was cal-
culated for each treatment as a ratio of dividing cells to 
total cells. The genetic abnormalities (anaphase bridges, 
laggards, micronuclei and stickiness) were scored in the 
abnormalities index. All tests were measured in triplicate.

3 � Results and discussion

3.1 � Physical–chemical removal profile

The results of turbidity and color removal are presented in 
Fig. 1. O. ficus-indica, C. jamacaru and C. jamacaru monstro-
sus were able to reduce turbidity in a range of 90–98% for 
all tests. Color removal efficiency ranged from 50 to 98%. 
These results corroborate numbers previously observed 
by other studies [25, 38]. Each coagulant has an ideal 
dose which results in greater turbidity removal and varies 
depending on the initial turbidity of the water [1]. Thus, 
the concentration of 75 g L−1 presented the highest effi-
ciency for removal of turbidity and color (> 95%), with an 
exposition time of 360 min. 

Iron was removed after 30 min by all cacti species with 
the exception of C. jamacaru monstrosus when using 
15 g L−1 (Fig. 2). Removal efficiency was 50% for C. jamac-
aru and 100% for O. ficus-indica. Results corroborate Swathi 
et al. [36], who observed 98% iron removal rates when 
using O. ficus-indica-dried cladodes.

Sulfate removal ranged from 16 to 3 (mg L−1) for O. ficus-
indica, 16 to 10 (mg L−1) for C. jamacaru monstrosus and 
16 to 10 (mg L−1) for C. jamacaru (Fig. 2). However, with 
C. jamacaru monstrosus concentrations of 25, 50 and 75 
(g L−1), sulfate increased after 120 min of exposition. With 
15 g L−1 of C. jamacaru, there was an increase in sulfate 
concentration after 120 min, which decreased shortly after. 
For C. jamacaru, there was an initial increase in sulfate for 
all concentrations and a decrease after 30 min of exposi-
tion (Fig. 2). Similar results (90% of sulfate removal) were 
obtained by Swathi et al. [36] with tannery wastewater 
using cactus powder as an adsorbent.

Figure 3 shows nitrite and nitrate removal with differ-
ent bio-coagulant doses. Maximum nitrite removal was 
observed for C. jamacaru and C. jamacaru monstrosus, with 
removal rates of 66.6 and 60 (%), respectively, after 30-min 
exposition for the concentrations of 25, 50 and 75 (g L−1). 
O. ficus-indica showed no removal for any exposition time; 

additionally, there was an increase in nitrite from 15 to 18 
(mg L−1) (Fig. 3). Residual nitrate values below 12 mg L−1 
were obtained when treating water with O. ficus-indica, C. 
jamacaru and C. jamacaru monstrosus, from an initial con-
centration of 24 mg L−1. However, bio-coagulants tested 
presented efficiency higher than 50% with only 30 min of 
exposition.

When observing ammonia behavior during O. ficus-
indica and C. jamacaru monstrosus exposition, an increase 
in ammonia levels (5 and 3 mg L−1, respectively), for all 
cactus concentrations (15–75 g L−1) after 30 min of exposi-
tion (Fig. 3) was observed. However, contradictory results 
were observed using C. jamacaru, where there was no 
increase in ammonia concentrations. Other studies have 
reported that the application of natural coagulants can 
increase the concentration of orthophosphate, nitrogen 
compounds (nitrite and nitrate) and organic matter [27, 
32]. This is mainly due to the functional groups present in 
cacti, i.e., amide, amine and amino acids [30, 35] and Opun-
tia mucilage, which show high concentrations of metals in 
their compositions [8].

The high capacity of O. ficus-indica to induce bio-coagu-
lation is most likely attributed to the presence of mucilage, 
which is a viscous and complex substance, composed of 
l-arabinose, d-galactose, l-rhamnose, d-xylose and galac-
turonic acid as a coagulation agent [25], and is stored in 
the internal and external pads of the plant [33]. In the 
Cereus species, the concentration of this acid is lower, 
which explains the not so expressive coagulation when 
this species is used [12].

The bio-coagulation mechanisms of cacti were reported 
as adsorption–charge neutralization and adsorption-
bridging mainly due to the anionic and macromolecu-
lar nature of deprotonated polygalacturonic acid [25, 
30]. Considering all removal characteristics, studies have 
reported that cacti present removal rates similar to those 
obtained using chemical coagulants, with the advantage 
of generating biodegradable sludge [37].

3.2 � Pathogen reduction

In tests using C. jamacaru, the initial amount of E. coli and 
S. typhimurium was 105 CFU. Throughout exposition, no 
bacterial reduction was observed in the supernatant frac-
tion (Fig. 4a). However, in the precipitated fraction (Fig. 4b), 
after 120 min of exposure, there was an increase of 1 log10 
of E. coli, but not of S. typhimurium.

In tests using O. ficus-indica, the initial amount of E. coli 
and S. typhimurium was 103 CFU. The results showed that 
in the supernatant fraction there was a reduction of 90% 
in E. coli concentration in the first 30 min of exposition and 
99.9% in S. typhimurium concentration after 360 min of 
exposition. These results are comparable to those found 
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with aluminum sulfate, which can achieve 90–99% of 
microbial removal under optimal conditions [1].

Considering the physical–chemical and nutritional 
characteristics of the studied cacti, C. jamacaru presented 
325 g kg−1 of structural lignin, whereas O. ficus-indica pre-
sented only 122 g kg−1, which shows that the latter is a 
more porous and flexible material [9]. This is an important 
aspect to consider in the process of bioaccumulation and 
coagulation of bacteria by adsorption capacity. It should 
also be noted that bacterial growth in the presence of C. 
jamacaru may be related to the high content of sugar and 
proteins in its composition, which is of about 3.4% more 

sugar and 40% more protein when compared to O. ficus-
indica [9].

3.3 � Cytotoxicity residual in the water

Mitotic index results of root meristematic cells of A. cepa 
bulbs exposed to water treated with O. ficus-indica, C. 
jamacaru and C. jamacaru monstrosus are presented in 
Fig. 5. Mitotic index showed a significant time-dependent 
response; for O. ficus-indica, an exposition time above 30 min 
interfered with the cell proliferation index, indicating a prob-
able toxic effect. For C. jamacaru and C. jamacaru monstrosus, 

Fig. 1   Turbidity and color removal profile from water exposed to different cactus concentrations over time
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this interference was only observed after 120  min of 
exposition.

The toxicity of Opuntia ficus-indica has been found in 
other studies where it has been associated with betalain pig-
ments [26]. For C. jamacaru, studies have reported toxicity 
effects only in concentrations smaller than 2 g L−1 [34]. This 
difference may be a product of the different composition 
of each plant, but further testing is required to confirm this.

4 � Conclusion

•	 Considering the potential to reach removal rates 
above 70% for a larger number of pollutants (E. coli, 
turbidity, iron, color, nitrate), the best cactus species 

recommended to treat water is the O. ficus-indica, 
with a maximum exposition time of 30 min to avoid 
cytotoxicity.

•	 C. jamacaru and C. jamacaru monstrosus are efficient 
to obtain removal rates above 60% for turbidity, color 
and nitrate and allow a non-cytotoxic exposition time 
of 120 min.

•	 Different dosages were tested, and the concentration 
with the best results was 25 g L−1.

•	 Considering how widespread and easy to cultivate 
these cacti species are, they could be recommended as 
a safe, low-cost alternative to other coagulation–floc-
culation products.

Fig. 2   Iron and sulfate removal profile from water exposed to different cactus concentrations over time
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Fig. 3   Nitrite, nitrate and ammonia removal profile from water exposed to different cactus concentrations over time
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