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ABSTRACT

Prosopis laevigata and Opuntia ficus-indica grow in arid and semiarid regions of Mexico and other countries. Both
produce biopolymers with interesting characteristics from the rheological point of view as well as because of their co-
agulating-flocculating capabilities. Prosopis produce galactomannans inside the endosperm, very similar to those found
in guar, locust bean, and tara gums. Opuntia sp. produces mucilage that contains polygalacturonic acid and five neutral
sugars. Prosopis seed gum has not been proposed to be used as coagulant-flocculant before. In the case of Opuntia mu-
cilage, some authors have suggested its use in the treatment of waters, using either the mucilage or the whole cladode
powder. The use of these products in the treatment of municipal or even industrial wastewaters could give rise to di-
verse benefits. From the environmental point of view, treated waters with neither Fe nor Al, nor synthetic polymers
would be obtained (with less toxicity risk). Besides, the produced sludges would be smaller in amount, with better bio-
degradability, and lower metals content. From the economical point of view, the use of these biopolymers would give
an added value to the Opuntia and Prosopis culture in Mexico, helping small communities to enhance their incomes by
producing environmental-friendly products. This work shows that both Prosopis galactomannan and Opuntia mucilage
can be used to treat municipal wastewaters with an initial organic charge of about 827 mg/L as COD by the coagula-
tion-flocculation process, with COD removals for the mesquite seed gum of up to 90% (pH 10, dose of 75 mg/L) and of
60% (pH 7, doses of 50 and 150 mg/L). In the case of mucilage, 65% of the initial COD was removed at pH 10 (dose of
50 mg/L). These figures are very promising for the treatment of wastewaters, with environmental-friendly products.
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1. Introduction The whole tree is used as a source of firewood and its
pods are used as fodder for cattle (sheep and goats). The
endosperm portion of the seed contains galactomannan
gum, very similar to guar gum.

Prosopis laevigata (Humb. Et Bonpl. Ex Wild), also
known as Prosopis dulcis, Mimosa rotundata, Neltuma
laevigata and Acacia laevigata (among others), is a tree
with maximum height of up to 13 m and a diameter of
0.8 m (Figure 1). This tree is widely distributed in South
America (Venezuela and Colombia), Panama, The Antil-
les and Mexico. In Mexico, Prosopis sp. is found in the
pacific coast from Michoacan down to Oaxaca and near
the Gulf of Mexico (i.e., in Nuevo Leon, Tamaulipas and
the north of Veracruz). It is also distributed in central
regions up to 2300 masl, such as San Luis Potosi, Gua-
najuato, Zacatecas, Durango, Coahuila and Hidalgo [1].
This plant has been introduced into India and spread all
over the country particularly in the semi-arid and waste-
lands [2]. Figure 1. Prosopis laevigata tree and pods.
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The two best studied galactomannans-producing Pro-
sopis species are P. juliflora [2,3] and P. pallida [4]. In
Mexico, this species is known as mesquite. In order to
differentiate the plant exudates and the gum contained
inside the endosperm, this gum will be called seed gum.

The Prosopis galactomannans share many characteris-
tics with other related galactomannans such as locust bean,
guar and tara gums [4]. These characteristics include its
capabilities as thickening agents, the low surface tension
of gum dispersions, the tendency to form gels alone or
when combined with other gums (such as carrageenan,
agar and xanthan gum). Finally, galactomannans can act
as a coagulant-flocculant agent for treating wastewaters
and waters for human consumption [5].

Galactomanans have been obtained traditionally from
Cyamopsis tetragonolobo (guar gum), Caesalipina spino-
sa (tara gum), and Ceratonia siliqua (locust bean gum).
Besides, there are reports of other species of Leguminosae
galactomannan producers such as Adenanthera pavonina,
Caesalpinia pulcherrrima, Gleditsia triacanthos, and
Sophora japonica [6].

Other known legume galacomannan-polysaccharides
are fenugreek (from Trigonellafoenum graecum), cassia
(from Casia tora), lucerne (from Medicago sativa), and
clover (from Trifolium pretense) [2].

Opuntia ficus-indica is a cactaceae from arid and semi-
arid regions, in the form of shrub or tree up to 5 m tall,
forming a sturdy trunk when aging (Figure 2). This spe-
cies is native from Mexico, but it was introduced into
Southern Europe, Africa and India a long time ago [7].
Traditionally, it is used for defensive hedge, as support
for cochineal production of dyes (acaraminic acid), fod-
der, and its edible fruit, known as prickly pear, is con-
sumed widely in Mexico. The boiled cladodes are edible
and very frequently used in the Mexicans diet in dishes
such as salads, soups or main dish, combined with hot
sauces and meat.

Figure 2. Opuntia ficus indica shrub and fruit.
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The biophysical limits for Opuntia sp. are the following.
Altitude 0 - 2600 masl. Mean annual temperature 18°C -
26°C. Mean annual rainfall from 150 - 600 mm [8].

The mucilage extracted from the cladodes of Opuntia
Sp. contains basically polygalacturonic acid (very similar
to pectin structure), plus residues of some sugars such as
D-galactose, D-xylose, L-arabinose, L-rhamnose, and
D-galacturonic acid [9]. Some authors have already sug-
gested that Opuntia sp. mucilage has a functional com-
ponent with industrial perspectives [10], and have re-
ported papers regarding its extraction and characteriza-
tion [11].

Reference [12] have reported an excellent review about
pectins from Opuntia sp. Authors have established the
pectin content of some species and of some fruits (for
comparison purposes), as well as the sugar composition
of Opuntia mucilage extracted by an alkaline process.
Finally, they have discussed the properties of the obtained
mucilage including gelling, rheological and physiological
properties of pectin.

The use of Opuntia sp. as coagulant in water treatment
has been reported by some authors [10,13]. Besides, [14]
have reported the use of Opuntia streptacantha as a low
cost biosorbent for lead in water treatment.

Though the use of Opuntia sp. mucilage (or the whole
cladode dry powder) has been proposed as a coagulant-
flocculant agent, most of these works used real or simu-
lated wastewaters (most of them simulated ones) where
only changes in turbidity have proven the efficiency of
Opuntia mucilage as coagulant-flocculant agent [13,15].
In another work [16], the whole cladode, dried and
milled was used as a coagulant-flocculant agent with
excellent results.

The coagulation-flocculation process has been applied
to treat municipal and industrial wastewaters. The system
has many advantages over other treatment systems. One
problem associated with this methodology is the genera-
tion of residual sludges. Very frequently these sludges
contain high amount of metals, since the preferred co-
agulants are salts of Al and Fe. These metals make the
sludges difficult to treat by biological methods. Bio-
chemical to chemical oxygen demand ratios, BOD/COD,
could be low for these sludges.

Preliminary results [17] indicate that biopolymers work
as coagulant-flocculant elements, producing fair values of
COD, turbidity and salts removal, with slight changes in
the final pH. In comparison with the use of ferric chlo-
ride, the use of polysaccharides (in particular, mesquite
seed gum and Opuntia mucilage) seems to be very promi-
sing.

The use of natural coagulant-flocculants will promote
more biodegradable sludges at the end of the process. In
this work, the use of natural polymers such as guar, lo-
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cust bean, and mesquite seed gum, as well as Opuntia
indica mucilage is proposed. Guar and locust bean gums
are galactomannans produced by plants from the Legu-
minosae genus.

Finally, the coagulation-flocculation capabilities of all
these biopolymers were compared to the use of FeCls, a
chemical coagulant very frequently employed in waste-
water treatment. It is important to remark that no syn-
thetic polymer will be added after FeCl; addition. This
fact would seem disadvantageous for FeCl;, but it has
been reported that the use of a synthetic polymer can
promote additional COD removals of around 10% - 15%
to that obtained only with FeCl; [18].

The use of these seed gum and mucilage products ob-
tained from plants widely distributed in arid zones of
Mexico will contribute to give added value to the culture
of Opuntia ficus indica and Prosopis laevigata.

2. Materials and Methods
2.1. Biopolymers

Biopolymers guar and locust bean gums (LBG) were
purchased at Drogueria Cosmopolita (Mexico City, Mex-
ico). HTPC- or cosmedia guar (a cationic derivative of
guar gum) was purchased at Grupo Lar (Mexico, D. F.,
Mexico).

Opuntia cladodes without spines were purchased in a
public market (Mexico City, Mexico). Cladodes were
washed repeatedly with tap water. Mucilage was produced
by boiling the cladodes cut in small pieces, until the ma-
terial was light green and soft (20 - 30 min). Cladodes cuts
were separated from the mucilage solution using a rough
sieve. Total (TS) and volatile solids (VS) were deter-
mined according to [19]. VS were used to calculate mu-
cilage concentration.

Mesquite seed gum was produced as follows. Pods were
collected in an arid region of the state of Guanajuato
(Mexico). The endosperms are inside the pods, covered
by a stiff layer, very similar to lentils. Endosperms were
extracted using NaOH-diluted solutions. Afterwards,
endosperms were milled and sieved. The white-creamy
powder was washed using ethanol in a Soxhlet system,
until no oil remained. The powder was dried at environ-
mental temperature and stored in a glass flask until its
use.

2.2. Jar Test Experiments

All biopolymers were employed in solutions with concen-
trations from 50 to 150 mg/L. Ferric chloride (J. T. Baker,
Mexico) was employed for comparison purposes at the
same concentrations. Jar-test equipment was used with
beakers containing 1 L of wastewater. The removals of
COD, turbidity and dissolved salts (measured as electri-
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cal conductivity), as well as the changes in the pH values,
were measured following [19]. Municipal wastewaters
were sampled from San Juan Ixhuatepec wastewater
treatment plant (Estado de Mexico) at the influent, after
the screens that remove large particles and big plastic
materials. Sludge volumes were measured using 1-L Im-
hoff cones during 60 min.

3. Results and Discussion
3.1. Characterization of the Wastewaters

General characteristics of the actual municipal wastewa-
ters are those presented in Table 1. The COD value of
the stream (827 mg/L) resulted quite high for a municipal
wastewater. The ratio BOD/COD resulted in 0.53, which
means that about half of the present material could be
degraded by microbial means. In other measurements
(data not shown), it was determined that COD{/CODs is
about 0.56, CODt and COD represent the total, CODs
and the dissolved fraction, respectively.

The pH value of wastewater was rather acid, and con-
ductivity was about 1900 pS. Hardness was 288 mg/L,
MBAS was 4.1 mg/L and grease and oils were 230 mg/L.
All metals evaluated were present at rather low values,
except Cr, which was below the detection limit.

3.2. Effect of Concentration in
Coagulation-Flocculation Experiments

Three experiments were carried out using the jar-test sys-
tem. Four different concentrations of the biopolymer (or
FeCl;) were studied (50, 75, 125, and 150 mg/L). In a
second experiment, the dose was fixed at 75 mg/L and
pH was modified. In a third experiment, pH was adjusted
to 10 and the dose of coagulant-flocculant agents was
modified.

Table 1. Wastewater initial conditions.

Parameter Value Parameter Value
pH 6.69 units Hardness as

CaCO; 288.81 mg/L

Conductivity 1869 uS MBAS 4.14 mg/L
Color Pt/Co 550 unities Grease and oil 230.6 mg/L
Turbidity 453 NTU Al 0.983 mg/L
COD 827 mg/L Cr <0.06 mg/L

BOD 444 mg/L Fe 1.40 mg/L

Total solids 0.0015 mg/L Pb 0.42 mg/L

MBAS: Methylene-blue active substances, a measure of ionic surfactants;
NTU: Nephelometric units; COD: Chemical oxygen demand; BOD: Bio-
logical oxygen demand.
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Initial wastewater characteristics were: pH = 6.69,
conductivity = 1869 pS, turbidity 453 units, and COD =
827 mg/L. Turbidity removals in the coagulation-floc-
culation assessments were as large as 37.2% for FeCl;
and 31.7% for guar gum and mucilage with 125 mg/L. The
turbidity removal with 50 mg/L of LBG was of 26.83%
and 52% for mucilage.

Results regarding COD removal (Figure 3) were as
follows. Best results were achieved using FeCl; (93%) at
150 mg/L. Regarding the natural-gums, the best result was
obtained with 150 mg/L of mesquite seed gum (57.7%).
Mesquite gum at 50 and 75 mg/L resulted in fairly good
COD removals (57.7% and 53.2%). Note that for the two
lower concentrations, the COD removal for mesquite
seed gum was inversely proportional to its concentration.
The latter is a good remark, since the lower the coagulant
dose, the lower the wastewater treatment total cost. Using
guar gum, COD removals higher than 20% at polymer
concentrations of 50 and 75 mg/L were achieved. The
COD removal with Opuntia mucilage was very similar to
that obtained with mesquite seed gum under these condi-
tions, except at a concentration of 150 mg/L. The con-
centration, 75 mg/L seems to be the optimum under the
described conditions.

Although salinity removal is not a feature of the co-
agulation-flocculation process, in some cases dissolved
salts were removed by a drag phenomenon (data not
shown). Salinity removals were a function of the poly-
mer/salt concentration. Values were quite low, i.e., be-
tween 0 and 5%. Best salinity removals were observed
when using guar and locust bean gums (150 mg/L) and
mesquite gum (125 mg/L).

pH is a very important issue for coagulation-floccula-
tion processes. First, it is desirable that no pH change is
necessary for the initial wastewaters treatment. Second, it
is desirable that final pH values are near neutrality after

COD removal

75
B: Concentration 50 LBG

Figure 3. COD removal (%) at pH 7 vs. biopolymer con-
centration (mg/L). LBG: locust bean gum; Guar:guar gum;
Mesq: mesquite gum; Muc: Opuntia mucilage; Cosm: cos-
media guar; FeCls: ferric chloride.
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the coagulation-flocculation processes. In this respect,
galactomannans, as well as FeCls, slightly increased the
pH value of the treated wastewaters. On the other hand,
Opuntia mucilage promoted a diminution of the pH value,
up to 5.94 units when using a 125 mg/L concentration
(data not shown).

Sludge production of wastewater (in mL/L) is pre-
sented in Figure 4. It can be noted that for all the poly-
mers and FeCl;, sludge production was higher as the
polymer/salt concentration increased. Unexpectedly, mu-
cilage showed a slight COD and turbidity removal at the
assessed concentrations. In fact, mucilage assessments
showed the highest sludge productions at concentrations
of 125 and 150 mg/L (more than 2.5 mL/L). Other im-
portant sludge productions were found when using guar
gum (150 mg/L) and mesquite seed gum (125 mL/L).
This issue is very interesting, since the amount of sludge
produced in a real-scale process is determinant for the
process. Produced sludges could be very light (low den-
sity) or heavy (high density), but useful design informa-
tion is not complete if only the amount of produced
sludge is reported.

It is important to remember [20] that FeCl; works bet-
ter at acidic pH values (4-5), so these assessments were
influenced by that fact. In the future, new tests will be car-
ried out using acidic values for wastewaters pH values.

3.3. Effect of pH at 75 mg/L

Note that for a fixed amount of coagulant-flocculant (75
mg/L) (Figure 5), the best result at pH = 5 for biopoly-
mers was observed for Opuntia mucilage with approxi-
mately a 50% COD removal. In the case of pH = 7, the
best result was for guar gum with a COD removal of
70%, whereas, at pH = 9, both guar and LBG obtained a
65% of COD removal. At last, for pH = 10, the best re-
sults were obtained using mesquite seed gum, with a
90% COD removal.

Sludge produced

B: Concentration 50 LBG

Figure 4. Sludge produced (mL/L) at pH 7 vs. biopolymer
concentration (mg/L).
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COD removal

A: Type

Figure 5. COD removal (%) at fixed dose of 75 mg/L vs. pH.

Sludge production for those experiments is shown in
Figure 6. Sludge volumes were directly proportional to
the pH value, but the relationship was not linear. For pH
between 5 and 7, sludge volumes of about 10 mL/L were
observed. For an alkaline pH value (9), these volumes
were between 10 and 20 mL/L. Finally, for a pH value of
10, sludges were up to 40 - 75 mL/L. We hypothesize
that this amount of sludge is due to the effect of the pH
on the biopolymer and the interaction with colloidal ma-
terial present in the wastewaters, or due to the effect of
pH on the colloidal material directly. Although data are
not shown, modification of the wastewater pH value pro-
moted sedimentation of quite high amounts of solids
without the addition of any salt or polymer. This could
imply that the sludge production was more related with
the instability of the colloidal material at alkaline pH
values.

3.4. Effect of Concentration at pH = 10

The following experiments were carried out at a pH = 10
with different salt or biopolymer doses. At this point it is
important to remember that modification of wastewaters
pH is feasible, but it represents an operational cost. So, it
will be necessary to take this into account when discuss-
ing COD removals at pH values different from the origi-
nal pH value. The results of experiments at pH = 10 are
presented in Figure 7. It is noticeable that COD removals
were, in general, much better than those observed for the
experiment with pH = 7. Secondly, it seems that all COD
removals are an inverse function of salt or polymer dose.

If we take the case of Opuntia mucilage, very good
COD removals were observed, i.e., 60%, 50%, and 40%
for polymer doses of 50, 75, and 100 mg/L, respectively.
In the case of guar gum, removals of 70%, 80% and 70%
were obtained for doses of 50, 75, and 150 mg/L. Obvi-
ously, the 150 mg/L is not a valid option. On the other
hand for a dose of 125 mg/L, inexplicably no COD re-
moval was observed (Figure 7).
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In the case of mesquite seed gum, attractive COD re-
movals were obtained. For doses of 50, 75, 100, and 150
mg/L, removals of 60%, 90%, 80%, and 50% were ob-
tained. The use of 75 mg/L of mesquite seed gum at pH =
10 yielded the best result for COD removal in the entire
study.

The results of sludge production under the same con-
ditions can be observed in Figure 8; again, sludge pro-
duction (in mL/L) was very dependent on the coagu-
lant-flocculant dose, reaching values between 40 and 85
mL/L for the whole set of experiments.

Sludge produced

Figure 6. Sludge produced (mL/L) at fixed dose of 75 mg/L
vs. pH.

100
80
60
40

20

COD removal

Guar
Mesq

A: Type

100
B: Concentration 125 M
150 FeC3

Figure 7. COD removal (%) at pH 10 vs. biopolymer con-
centration (mg/L).

90
2

54

Sludge produced

Muc

Mesq

A: Type

Figure 8. Sludge produced (mL/L) at pH 10 vs. biopolymer
concentration (mg/L).
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4. Conclusions

This work showed that all biopolymers guar, locust bean,
and mesquite gums, as well as Opuntia mucilage, have
potential to replace Fe or Al salts in the coagulation-floc-
culation process.

The COD, salt, and turbidity removals using biopoly-
mers were quite good and comparable to those observed
when using FeCl;. Sludge production was in general
lower for biopolymers that those observed when using
FeCl;, but it was very dependent on pH and amount of
coagulant-flocculant employed.

Both Prosopis galactomannan and Opuntia mucilage
were capable of treating municipal wastewaters with ini-
tial organic charges of about 827 mg/L as COD by co-
agulation-flocculation process with COD removals for
mesquite seed gum of up to 90% (pH = 10, dose of 75
mg/L) and about 60% (pH = 7, doses of 50 and 150
mg/L). In the case of mucilage, 65% of the initial COD
was removed at pH =10 (dose of 50 mg/L). These figures
are very promising for the treatment of wastewaters, with
environmental-friendly products.

In agreement with Yin (2010), it was corroborated that
plant based coagulants can provide environmental bene-
fits and numerous laboratory and scale studies are prov-
ing that the utilization of these products is technically
feasible.
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