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a b s t r a c t
In this study, we investigate the effect of aqueous extract of Eucalyptus globulus leaves (EGL) as a 
new green inhibitor on the precipitation of calcium carbonate (CaCO3) by using the rapid controlled 
precipitation method in synthetic solution. The EGL inhibitory characteristics were studied using 
several parameters including pH, calcium, and bicarbonate ions concentrations. The obtained 
results revealed that the inhibitory capacity of the EGL extract is proportional to its concentra-
tion. The total inhibition of CaCO3 precipitation was achieved after adding a low concentration of 
75 mg/L. Moreover, the precipitation threshold of CaCO3 occurs at a higher germination time and 
lower supersaturation coefficient with a dissolved CO2 outgassing rate. The mechanism of inhibi-
tion scaling by EGL was proposed. Therefore, E. globulus leaves could be taken as a novel scale 
inhibitor on reverse osmosis membrane.
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1. Introduction

In the last decades, in the areas of the world in which 
people suffer from water scarcity, water reclamation strat-
egies are becoming increasingly relevant [1–3]. Owing to 
the excellent and reliable performance of different rejects 
(ions, microorganisms, and organic pollutants), reverse 
osmosis (RO) technology has proved to be an effective treat-
ment strategy. However, in addition to providing highly 

cleaned water for potable reuse [4,5], fouling is a common 
problem with RO membrane systems.

Scaling is the term for inorganic fouling. It is defined 
as the formation of deposits due to the precipitation of 
poorly soluble salts when a surface comes into contact 
with water [6]. The formation of this deposit in water sys-
tems such as industrial systems, domestic systems, waste-
water reuse systems, groundwater exploitation systems, 
seawater, and brackish water desalination systems has 
been widely known as a major problem [7–10]. In reverse 
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osmosis membranes, the deposits could alter their perfor-
mance associated with permeate flow and salt rejection as 
well as decrease their life span which leads to economic 
losses [11,12]. This condition usually arises whenever 
the membrane surface gets excessive salt concentration 
beyond the solubility limitations.

One of the most prevalent scale deposits is calcium 
carbonate (CaCO3). As known, the CaCO3 exists in differ-
ent forms such as amorphous calcium carbonate, calcite, 
aragonite, and vaterite [13–15]. Nevertheless, the calcium 
carbonate scale is easily deposited after its solubility limit 
has exceeded which is due to its low solubility in water 
or the systems are saturated with scaling ions. Also, the 
precipitates of calcium carbonate are the result of external 
modifications of specific factors [16]. These precipitates 
cause many problems such as increased energy consump-
tion, restricted fluid flow, and equipment damage, and 
then leave negative aspects in membrane processes. On 
the other hand, the calcium carbonate crystals tend to form 
hard deposits on the exchange surfaces of brackish water 
treatment reverse osmosis, which leads to fouling and fail-
ure of reverse osmosis modules. For these reasons, many 
efforts have been made to delay or inhibit CaCO3 formation 
by using several methods (i.e., the physical methods and 
the chemical methods) [17,18]. In most cases, the only way 
to remove precipitated calcium carbonate is by scraping 
or cleaning which is impractical and expensive. Therefore, 
inhibitors have been used in various applications thanks 
to their cost-effectiveness and high performance [19–22]. 
The use of these inhibitors in the RO feed stream instead 
of acid injection helps to reduce the possibility of scaling 
[23–25]. Because they can interfere with deposit formation 
during crystallization processes and scale nucleation in a 
variety of ways, including crystal modification, dispersion, 
threshold inhibition, crystal, and chelation [26–28]. The 
experimental determination of antiscalant effectiveness has 
been generally studied by several methods, namely: the 
critical pH method, LCGE method, rapid controlled pre-
cipitation method, chronoelectrogravimetry, and electro-
chemical impedance technique [29]. Scale inhibitors largely 
retard the rate of crystal growth in an aqueous solution 
and the behavior of the crystals can be modified. However, 
chemical inhibitors are no longer recommended for the 
treatment of drinking water for human consumption. As 
a result, the “green scaling inhibitor” has become a pop-
ular research topic in recent years. Green inhibitors have 
no harmful effects on the human body. Plant extracts are 
becoming increasingly popular thanks to their availability, 
cheapness, renewability, and great performance [30,31].

In this study, Eucalyptus globulus leaves (EGL) were 
selected as a green antiscalant to protect the RO system. 
E. globulus is an evergreen tree native to Australia and cul-
tivated in the Mediterranean and subtropical areas [32], 
indeed, it is very abundant in Morocco especially in the 
region of Souss Massa. Its leaves have been used as raw 
material for food, nutritional, and pharmaceutical supple-
ments thanks to being bioactive, antioxidant, and neuro-
protective properties [33,34]. Moreover, they contain main 
chemical compounds such as terpenoids and polyphe-
nols, flavonoids, and tannins [35]. Thus, E. globulus leaves 
can be used as an alternative and cheap way to reduce the 

growth of scale deposits. The objective of this research was 
to examine the efficiency of inhibiting or preventing the 
formation of CaCO3 on the RO membrane during opera-
tion, by the extract of EGL. This inhibitor was prepared by 
infusion. A series of inhibition experiments by green inhib-
itor effect, including monitoring of a set of measurements 
of pH, calcium hardness (TCa), complete alkalimetric titer 
(TAC), a supersaturation coefficient (β), partial pressure of 
CO2 ( PCO2

), and then carried out for the study of scaling 
in order to describe the kinetics of precipitation. Finally, 
the mechanism of inhibition scaling by EGL was proposed.

2. Materials and methods

2.1. Reagents

Sulfuric acid (H2SO4), calcium carbonate (CaCO3), eth-
ylenediaminetetraacetic acid (EDTA), ammonia (NH3), and 
ammonium chloride (NH4Cl) were obtained from Sigma-
Aldrich. Methyl orange (indicator), hydrochloric acid (HCl), 
and Eriochrome Black T (indicator) were purchased from 
Loba Chemie. All of these reagents were reagent grade 
and directly used without further purification.

2.2. Synthetic solution

The synthetic solution is pure calco-carbonic water. 
It was prepared using a high-quality analytical product 
(CaCO3) by dissolving 0.4 g L−1 of calcium carbonate in 
bi-distilled water, to simulate the impact of green inhibitor 
presence over the germination time of CaCO3. Its prepa-
ration was done under the bubbling of carbonic (CO2) for 
complete solubilization of CaCO3 during 30 min under 
magnetic stirring, following the reaction given below: 

CaCO H O Ca HCO23
2

32+ ↔ ++ −  (1)

2.3. Preparation of E. globulus extract

E. globulus leaves (EGL) were harvested during February 
in the Souss Massa region (Agadir, Morocco). It was oven-
dried at a temperature of 40°C for 24 h. Also, they were 
pulverized with a closed electric mill to obtain a fine 
powder. The aqueous extract solution was obtained by 
adding 100 mL of distilled water to 5 g of plant and let it 
boil for 1 h. After that, it was filtered through a filter paper 
of 0.45 μm pores. The pH of the plant extract was initially 
slightly acidic (pH 5.8). The extract was obtained after 
drying the aqueous solution and then stored until its use. 
For inhibition tests, appropriate amounts of this extraction 
were prepared and added to the calco-carbonic solution.

2.4. Fourier transform infrared spectrum

A Fourier transform infrared spectroscopy (FTIR) 
Thermo-Nicolet spectrometer (AVATAR 320 AEK0200713) 
was used for characterizing the EGL extract. The spectra 
were recorded in the wavenumber range of 400 to 4,000 cm−1. 
The FTIR was executed to identify the sample functional 
group of EGL extract.
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2.5. LCGE controlled degassing method

Roques and his partners created this method [36,37], 
which is known as the Laboratory of Chemistry and 
Environmental Engineering (LCGE). It allows for the 
separation of the many kinetic processes in order to iso-
late the one that is the most typically kinetically limiting, 
namely the matter transfer at the liquid/solid interface. 
Water degassing (displacement of the calco-carbonic equi-
librium in the direction of calcium carbonate formation) to 
be examined by a working gas, most commonly via atmo-
spheric air, is a major of cause calcium carbonate precipi-
tation. The latter is the main engine of a system evolution 
leading to scaling as shown by the following reaction [38]:

Ca HCO CaCO CO H O2
3 3 2 22+ −+ ↔ + +  (2)

The experimental cell contains 500 mL of the solution 
to be studied. It was then kept in a thermostatic bath to 
keep the temperature at 30°C (Fig. 1). The cell is equipped 
with a gas inlet (atmospheric air) at the bottom of a per-
forated bottom, which ensures its uniform dispersion in 
the whole solution. The gas flow rate is set at 8 L/min for 
all experiments. During the test, the pH, calcium titer, and 
full alkalimetric titer of the solution were measured con-
tinuously every 2 min by a pH meter (Hanna HI 5221). 
The concentration of calcium and bicarbonate ions was 
determined by the complexometric EDTA titration and 
acid titration, respectively. The CO2 partial pressure and 
supersaturation can be calculated using the evolution of 
pH and calcium titer over time. These parameters allow a 
complete description of the precipitation kinetics.

3. Results and discussion

3.1. Characterization of scale deposits on the reverse 
osmosis membranes

Scale deposits on reverse osmosis membranes were 
structurally and morphologically characterized in detail 
and the results are presented in our previous literature [39].

3.2. Functional group characterization of EGL extract

An FTIR analysis was used to identify some func-
tional groups found in the E. globulus leaves powder. As 
seen in Fig. 2, a broad band at 3,281 cm−1 is attributed to 
the stretching of the hydroxyl group [40]. The appearance 
of the O–H band’s vibration at 3,200–3,431 cm−1 is an indi-
cation of the presence of phenolic [41]. The band located 
at 2,928 cm−1 is assigned to the C–H stretching vibra-
tion of aliphatic hydrocarbons absorption, and a band at 
2,864 cm−1 corresponds to the C–H stretching of aldehydes. 
In regards to phenolic compounds attributed bands, the 
FTIR spectrum of EGL shows bands at 1,631 cm−1 indi-
cates the stretching vibration of the C=C, 1,341 cm−1 due 
to the C–N stretching vibration for aromatic amines, and 
1,040 cm−1 for the C–N stretching vibration of aliphatic 
amines, respectively [42]. These results are similar to those 
obtained by Saleem et al. [35] and Wang et al. [43].

3.3. Evaluation of the scale inhibition performance by LCGE tests

3.3.1. Effect of green inhibitor (EGL) on pH 

The pH vs. time curves is shown in Fig. 3. It is indicated 
that when the concentration of EGL was lower than 

Fig. 1. Experimental setup of the LCGE method. 1: Stripping gas; 2: Thermostatic baths; 3: Humidifier; 4: Humidity traps; 5: Work cell; 
6: Simple taken for dosage of [Ca2+] and TAC; 7: Temperature sensor; 8: pH meter.
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75 mg/L, the inhibition of scaling in the calco-carbonic 
solution was hardly affected, and when it was higher than 
75 mg/L, the effectiveness of total inhibition was observed 
during the 120 min of the experience.

At the germination points, the pH of untreated water 
was found to be 8.56 and then dropped quickly. The 
pH-time curves extended linearly to the right when the 
inhibitor was added, and no precipitate emerged during 
the experience. The germination pH (pHg) values increase 
due to hydrolysis of CO3

2− to OH−, and the pH drops were 
less abrupt when the inhibitor was added. This reflects the 
start of CaCO3 precipitation and then becomes stable. The 
two responses of gas transport at the liquid/gas interface 

and chemical reaction in the liquid phase are reflected in 
this change in pH. The precipitation reaction of calcium 
carbonate is pH-depending [44], as shown in Eq. (3):

Ca HCO H O CaCO H O2 3
2

3 3
+ − ++ + ↔ +  (3)

According to Table 1, which summarizes the main 
experimental results, the germination time without inhib-
itor was 14 min. The germination time was only 34 min 
and the minor effects on scaling inhibition were found 
even after the introduction of 40 mg/L EGL. The Tg began 
to drop 70 min later in water treated with 60 mg/L EGL 
than in untreated water. Thus, with the addition of EGL 
extract, the pHg values increased, indicating a low car-
bonate consumption, and then a decrease in CaCO3 pre-
cipitation. The germination time became longer with the 
addition of EGL, as shown in Fig. 3. The pHg increases 
with the EGL concentration, which can be due to the pres-
ence of more polyphenols existing in EGL extract will 
react to Ca2+ ions to inhibit the formation of CaCO3 nuclei. 
Therefore, shows a double effect according to this com-
parison of pH-time curves. This variation of pH reflects 
both responses of chemical reaction in a liquid phase 
and gas transfer at the gas/liquid interface. As a result, 
it approves that the property of EGL has a direct effect 
on calcium carbonate precipitation. 

3.3.2. Effect of green inhibitor (EGL) on TCa and βcal

As shown in Fig. 4a, the calcium ions concentration does 
not vary at the beginning of the experiment. However, the 
volumetric measurement is done after every 2 min. The 
obtained results of experiments show the formation of the 
first colloidal nuclei of CaCO3, which due to the fact that the 
decrease of calcium ions indicates the beginning of precip-
itation. In this stage, the solution became slower (Fig. 4a) 
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Fig. 2. IR spectrum of EGL powder.
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with the increase of EGL concentration reflects the preven-
tion of Ca2+ binding to CO3

2− in the solution decreased accord-
ingly. It then gradually decreases as equilibrium conditions 
are approached. It should be noted that the germination 
time calculated using the TCa = f(t) curve is identical to that 
calculated using the pH = f(t) curve.

Kezia describes the CaCO3 crystallization as a multi-
step process that includes crystal development, recrystalli-
zation, germination, and agglomeration [45]. The degree of 
supersaturation is the most important factor in germination 
and development [46].

The supersaturation coefficient (β) could be computed 
via the ratio of dissolved CaCO3’s ionic activity prod-
uct to its solubility product (Ks), which is mentioned in 
Eq. (4) [47]:

�
� �

�
� �� �

�
�� �� �� ��

� � � �
� �Ca CO Ca CO

Ca CO
2

3
2 2

3
2

2
3
2

K Ks s
 (4)

where [Ca2+] and [CO3
2−] are calcium and carbonate ions 

concentrations, respectively, while that of �Ca2�  and �CO3
2�  

are activity coefficients of [Ca2+] and [CO3
2−], respectively. 

The divergence of the system from its steady-state is rep-
resented by these supersaturation values at the germi-
nation point [48]. Three primary regions can be seen in 
Fig. 4b. The first is a quick increase in β, where the β 
inclined to highest called β germination (βg), which is con-
nected with a lack of Ca2+ precipitation before germination 
time. A rapid decrease in the supersaturation coefficient 
characterizes the second region coincides with the onset 
of homogeneous CaCO3 precipitation. The supersatura-
tion coefficient-loaded the third phase corresponds to 
precipitation end leads to a constant value.

Table 2 shows that the increase in findings as the EGL 
concentration increased, indicating that an exceptionally 
high EGL concentration could inhibit the CaCO3 precipitation.

3.3.3. Influence of green inhibitor (EGL) on TAC and PCO2

Fig. 5a and b shows the evolution of TAC and PCO2
as 

a function of time. The partial pressure (PCO2
) can be 

calculated as follows:
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where K1 and K2 are the dissociation constants of car-
bonic acid; fa is the activity coefficient of the species a; and 
D is Henry’s law constant (mol−1 L atm).

The findings demonstrated that there was a stabil-
ity period at the start of the experiment. Throughout 
this stage, the TAC values stabilize associated with a 
decrease in PCO2

. Consequently, no possibility of germi-
nation was observed. It can be observed that before the 
addition of EGL, the precipitation started. However, 
for EGL values up to 60 mg/L, there is a decrease in TAC 
after 70 min, accompanied by an increase in PCO2

 indicated 
the germination of CaCO3, following this reaction:

Table 1
Values of pHg and germination time tested by pH measurement 
testing in different concentrations

Inhibitor (mg/L) 0 40 60 75
pHg 8.56 8.78 8.80 8.83
Germination time (min) 14 34 70 –
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Fig. 4. [Ca2+] – time curves (a) and βcal– time curves (b) during 
the precipitation of CaCO3 in different concentrations.

Table 2
Values of βg and germination time tested by βcal measurement 
testing in different concentrations

Inhibitor (mg/L) 0 40 60 75
βg 120.62 211.87 223.77 224.57
Germination time (min) 14 34 70 –
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Ca HCO CaCO H2
3 3

+ − ++ ↔ +  (6)

At 75 mg/L of EGL (efficiency concentration), the 
inhibition is complete and no extra calcium carbonate 
precipitation occurs.

3.4. Kinetic study

For the kinetic exploitation of the CaCO3 precipita-
tion results, we used a calculation program. This program 
allows the systematic exploitation of the experimental 
results of the two models diffusional and Reddy. The 
diffusional model is the first-order model which was 
used for the exploitation of the results of precipitation 
of CaCO3 in the most stable forms (calcite) [39]. Then the 
Reddy model is the second-order model which was used 
in different operating conditions. A linear regression 
program establishes the correlation line in each exam-
ple, providing the correlation coefficient (R2) and the 
rate constant for the comparability of fits made [49].

Expressing the Ca2+ concentrations in French hydro-
timetric degree, we will have:

(Diffusional Model) first-order

ln
Ca Ca
Ca Ca

eq

eq

T T
T T

−
−

= ⋅
0

K tT
 (7)

(Reddy Model) second-order

1 1

0T T T TCa Ca Ca Caeq eq�
�

�
� �K tT  (8)

where KT is the global speed constant; TCa0 is the initial Ca2+ 
concentration; and TCaeq is the concentration at thermody-
namic equilibrium.

According to the analysis of the curves presented in 
Figs. 3, 4 and 5 and the kinetic modeling, the different val-
ues of the rate constants, with respect to calcite, are rep-
resented in Table 3. For inhibitor doses of 0–60 mg/L, the 
pHg tends to increase by 8.83–9.23 at the start of precipita-
tion. The decrease in pH is more obvious in the test in the 
absence of an inhibitor, but it gets less noticeable as the con-
centration increases. After the introduction of EGL, there 
was an increase in the degree of supersaturation. Then, as 
compared to the control test, the germination time is lon-
ger. As a result, the precipitation kinetics for the assay in 

the presence and absence of inhibitor E. globulus leaves 
follow a diffusion model.

3.5. Mechanism of inhibition of CaCO3

The inhibition mechanism of EGL extract is illustrated 
in Fig. 6. This extract contains different antioxidants, mainly 
contained in a large amount of polyphenols and flavonoids 

Table 3
Variation of Tg, pHg, βg, and kinetic constants (KD: diffusional and KR: Reddy) as a function of the increasing quantities of inhibitor

PCO2 
gaz = 3 × 10−4 atm Concentration 

(mg/L)
Tg  
(min)

pHg βg Diffusional calcite Reddy calcite

KD (mn−1) R2 KR (F−1 mn−1) R2

Without inhibitor 0 14 8.56 120.62 1.41 × 10–2 0.991 8.32 × 10–4 0.978

With inhibitor
40 34 8.78 211.87 1.22 × 10–2 0.990 5.49 × 10–4 0.957
60 70 8.80 223.77 9.74 × 10–3 0.966 3.47 × 10–4 0.957
75 – 8.83 224.57 – – – –
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Fig. 5. TAC – time curves (a) and PCO2 
– time curves (b) during 

the precipitation of CaCO3 in different concentrations.
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[34]. Agarwal et al. [50] show that the polyphenols and 
flavonoids are responsible for the inhibition of CaCO3 for-
mation by reacting with Ca2+ ions present in water [50]. 
On this subject, polyphenols possess −OH functional groups 
that interact with the Ca2+ ion by ion-dipole interaction. 
Thus, OH groups prevent calcium ions from reacting with 
carbonate ions, and then this interaction causes the revers-
ible reaction of CaCO3 [Eq. (9)], and as a result, the forma-
tion of CaCO3 will be decreased. The obtained results show 
that EGL can be used as a greater inhibitor of CaCO3 in 
desalination water.

Ca CO CaCO2
3
2

3
+ −+ →←  (9)

4. Conclusion

In this work, E. globulus leaves extract (EGL) was tested 
as an inhibitor to control scaling in controlled laboratory 
experiments. Inhibition tests confirmed that EGL has a strong 
ability to effectively inhibit CaCO3 formation and growth. 
LCGE tests were performed using several key parameters 
that could affect the inhibition performance of CaCO3 for-
mation. The results revealed that when the concentrations 
of EGL were below 75 mg/L, practically a small inhibition 
effect on CaCO3 scaling could be observed. However, when 
the doses were increased to 75 mg/L, full inhibition could 
be achieved during the 120 min of the experience with the  
percentage of inhibitor efficiency 100%. Nevertheless, its inhi-
bition power is pH dependent. The pHg rises with the inhib-
itor concentration from 8.65 for 0 mg/L to 8.83 for 75 mg/L. 
Thus, this work not only provided information on the use of 
the EGL extract to inhibit CaCO3 formation, but also argued 
that the use of the EGL extract to control scaling can serve 
as an environment-friendly scale inhibitor; and then can be 
considered as a green product for treating drinking water.

Symbols

(Ca2+) — Activity of the ion Ca2+

[Ca2+] — Ca2+ concentration
(CO3

2−) — Activity of the ion CO3
2−

[CO3
2−] — CO3

2− concentration
D — Henry’s law constant, mol−1 L atm
fa — Activity coefficient of the species a
Ks — Solubility product 
K1 and K2 — Dissociation constants of carbonic acid
KD  — Calcite diffusional constant
KR  — Reddy’s constant calcite
KT — Global speed constant
PCO2

 — Partial pressure 
pH — potential of hydrogen
t — Induction time
TCa — Ca2+ concentration
TCa0 — Initial Ca2+ concentration
TCaeq —  Ca2+ Concentration at thermodynamic 

equilibrium

Greek letters

β — Supersaturation coefficient
βcal —  Coefficient of supersaturation with respect 

to calcite
�
Ca2�  — Activity coefficients of [Ca2+]
�
CO3

2�  — Activity coefficients of [CO3
2−]
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