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Abstract
The development of green scale inhibitors has been the subject of several recent studies aimed at reducing the negative envi-
ronmental impacts of the oil and gas industry. This work evaluated the potential of saccharides, polysaccharides, and starchy 
food effluents (washing wastewaters from potato, sweet potato, cassava, and potato peels) as biodegradable substances to 
inhibit calcium carbonate scale formation. Calcium carbonate precipitation experiments were initially conducted to assess 
the influence of glucose, maltose, maltodextrin, and soluble starch on the induction time, particle size, and morphology of 
the precipitates. The presence of these molecules resulted in a delay in the induction time of crystallization, with the delay 
increasing as the polymer chain size increased. Scanning electron microscopy, X-ray diffraction, and Raman spectroscopy 
analysis revealed that the saccharides and polysaccharides promoted the formation of calcite with an irregular shape and 
smaller crystallite size. The polymer chain size also affected the scaling time determined in tube blocking tests conducted 
in two brine scenarios (more severe and less severe), demonstrating the inhibitory potential of these molecules. However, 
only soluble starch proved to be effective in inhibiting scale formation in the less severe brine scenario. Based on these pre-
liminary results, starchy food effluents were selected to evaluate their potential for inhibiting scale formation. The effluents 
from sweet potato and potato peels showed better performance compared to the potato effluent. The sweet potato effluent 
efficiently inhibited scale formation in the less severe brine scenario, possibly due to the presence of phenolic compounds 
and other substances, in addition to soluble starch, that also have inhibitory effects. In contrast, the cassava effluent was 
incompatible with the brines, leading to immediate scale formation in both scenarios.

Keywords  Calcium carbonate scale · Green scale inhibitors · Tube-blocking test · Compatibility test · Polysaccharides · 
Food wastewater

Introduction

Scale formation is one of the main issues faced by the oil 
and gas industry because it can reduce productivity and con-
sequently generates great economic losses. Scale formation 

occurs when inorganic salts adhere and accumulate on the 
internal surfaces of pipelines and can partially or totally clog 
them or, in worst-case scenarios, close the well (Li et al. 
2017). Calcium carbonate often causes scale issues, par-
ticularly in the Brazilian pre-salt oil fields where is the most 
abundant inorganic salt (da Costa et al. 2016). Therefore, the 
oil and gas industry must implement strategies to remedi-
ate or prevent calcium carbonate scale. Acid dissolution is 
the main remediation strategy; however, this operation is 
expensive due to the production stoppage and equipment 
rental to perform it. Moreover, acids corrode the pipes and 
their improper disposal can be polluting (Kamal et al. 2018).

Chemical products known as scale inhibitors are the 
current strategy used by the oil and gas industry to pre-
vent scale. These chemicals influence different stages of 
calcium carbonate scale formation, including nucleation, 
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crystallization, and crystal growth, preventing the accumu-
lation and formation of deposits or promoting the formation 
of weak deposits. Phosphorous compounds are common 
chemicals used as scale inhibitors because of their high 
efficiency and high resistance to the conditions (e.g. high 
temperature and high pressure) where scale occurs. Organo-
phosphate compounds, such as phosphate esters, are chemi-
cal inhibitors extensively used. These chemicals can with-
stand temperatures higher than 80 ºC. Other phosphorous 
chemical inhibitors are aminophosphonates, being the diet
hylenetriaminepenta(methylenephosphonic) acid (DTPMP) 
the most used. Polymeric type inhibitors are also used by 
the petroleum industry, including phosphinopolycarboxylic 
acid (PPCA), polyacrylates, polyphosphinocarboxylates, 
polymaleates and polyvinyls. The polymeric inhibitors are 
stable up to of 200 ºC (Jensen and Kelland 2012; Li et al. 
2017; Kumar et al. 2018). However, as the chemical inhibi-
tor in general are very stable compounds, they are also asso-
ciated with environmental issues as their improper disposal 
can cause the eutrophication of aquatic ecosystems (Hasson 
et al. 2011; Jafar Mazumder 2020). In this regard, research 
on biodegradable molecules efficient in inhibiting scale 
is important aiming to reduce the negative environmental 
impacts of the oil and gas industry. Thus, the development of 
green scale inhibitors has been the subject of several recent 
studies (Martinod et al. 2009; Elkholy et al. 2018; Macedo 
et al. 2019; Wang et al. 2021).

Green scale inhibitors must be non-toxic, non-bioaccu-
mulative, and biodegradable (Martinod et al. 2009; Hasson 
et al. 2011). Research has focused on the development of 
biodegradable polymers that can also influence the mecha-
nisms of nucleation and crystallization of calcium carbonate. 
These biopolymers have been extensively applied as scale 
inhibitors to meet the criteria for environmentally friendly 
inhibitors (Macedo et al. 2019). These biopolymers or bio-
molecules are naturally occurring substances involved in 
biomineralization processes, where they play a crucial role 
in influencing the size, morphology, and crystallographic 
orientation of structures formed by living organisms (Manoli 
and Dalas 2000; Meldrum 2003; Rao et al. 2014). The influ-
ence of these biopolymers on calcium carbonate arises from 
the presence of specific functional groups in their structures, 
such as carboxyl and hydroxyl groups, which contribute to 
chelation, dispersion, and crystal distortion effects (Macedo 
et al. 2019).

There are many sources of biopolymers such as plants, 
algae, fungi, bacteria, and animals (Zakyatul et al. 2022). 
Cellulose, hemicellulose, chitin, inulin, lignin, and starch 
are examples of biopolymers of saccharides (polysaccha-
rides) with variable molar mass. A saccharide is a molecule 
that contains mainly a functional group aldehyde or ketone 
within a polyhydroxylated chain (Reis et al. 2011b). Poly-
saccharides comprise approximately 75% of earth’s biomass 

and are a large renewable source of biopolymers and there-
fore, a potential source of green scale inhibitors. Moreover, 
polysaccharides such as starch are the main source of human 
nutrition. Therefore, byproducts and effluents from industrial 
processing of starchy foods can be an abundant and inex-
pensive source of biopolymers or other molecules whose 
feasibility as green scale inhibitors can be evaluated (Fer-
reira et al. 2009). The use of starchy food effluent to prevent 
the calcium carbonate scale could be an environmentally 
friendly strategy for the oil and gas industry to manage this 
flow assurance issue.

This work evaluates the influence of a series of model 
saccharides (glucose and maltose) and polysaccharides 
(maltodextrin and soluble starch) and starchy food effluents 
(washing wastewater of potato, sweet potato, cassava, and 
potato peels) on the calcium carbonate scale formation. Pre-
cipitation experiments of calcium carbonate in the presence 
of the model molecules were performed to observe their 
effect on particle size and morphology, which in turn aid to 
understand their effect on scale formation under flow condi-
tions. Moreover, several tube-blocking tests were performed 
in a dynamic scale system (DSL) to evaluate the potential of 
the saccharides and starchy food effluents to inhibit calcium 
carbonate scale.

Experimental

Reagents and standards

This work evaluates saccharides that can be found in starchy 
foods and their byproducts and effluents: glucose, maltose, 
maltodextrin, and soluble starch. They were analytical grade 
and purchased from ACS Cientifica (Sumare, Brazil). Addi-
tionally, calcium chloride, sodium bicarbonate, and sodium 
chloride purchased from Isofar (Rio de Janeiro, Brazil) were 
used to prepare the brine.

The starchy effluents were characterized using the fol-
lowing standards: 5-caffeoylquinic acid (chlorogenic acid, 
5-CQA), 3,4-dihydroxybenzoic acid, and ferulic acid, all of 
which were purchased from Sigma-Aldrich. High-perfor-
mance liquid chromatography (HPLC)-grade solvents from 
Tedia (Fairfield, OH, USA) were used, and HPLC-grade 
water from the Milli-Q system (Millipore, Bedford, MA, 
USA) was employed in the experiments.

Preparation of the brines

The calcium chloride and sodium bicarbonate solutions 
were prepared with degassed ultrapure water. The salinity 
of both solutions was adjusted by adding sodium chloride to 
obtain a final concentration of 35,000 mg L−1 of total chlo-
ride. The pH of the solutions was adjusted to 7.0 by adding 
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hydrochloric acid or sodium hydroxide to the calcium chlo-
ride solution and by bubbling CO2 into the sodium bicarbo-
nate solution. After the solutions mix, the final composition 
was as presented in Table 1.

Precipitation experiments

.
Preliminary experiments were performed to assess the 

precipitation of calcium carbonate in the presence of the 
model saccharides and polysaccharides in 1000 mg L−1. 
They were performed in an Easymax 102 workstation from 
Mettler Toledo (Greinfensee, Switzerland). The 100 mL 
reactor vessel was set at 30 °C with magnetic stirring at 
200 rpm. The bicarbonate solution containing the model 
molecule was mixed with the calcium chloride solution to 
obtain the final concentration of Brine 1 (Table 1). Then, 
the precipitation of calcium carbonate was followed through 
RGB (red, green, and blue) image analysis using a web-
cam (Microsoft LifeCam) and the software RGBview® 
(developed by our research group). Additionally, the pH 
was continuously measured using a SeveMulti pH-meter 
(Mettler Toledo). After detecting the precipitation through 
the increase of RGB signal and decrease of pH, the system 
was left under these experimental conditions for 1 h. Then, 
the solids were recovered by vacuum filtering, washing with 
ethanol, and drying at 50 °C for 1 h.

Characterization of calcium carbonate solids formed 
in the presence of model molecules

The solids recovered were characterized with scanning elec-
tron microscopy (SEM), X-ray powder diffraction (XRD), 
and Raman spectroscopy analysis.

The surface microstructure (i.e., morphology and particle 
size) of the samples were characterized using SEM on a 
ZEISS EVO10 microscope (Oberkoshen, Germany). Each 
powdered sample was placed on a conducting carbon pad 
(Plano GmbH) and coated with a thin gold layer. Beam scan 
mapping was performed at 15 kV acceleration voltage.

The crystalline structure of the samples was determined 
by XRD using a PANalytical AERIS X-ray diffractometer 
(Malvern, UK) with Ni-filtered\CuKα radiation (k = 1.5406 
Å) generated at 40 kV and 30 mA. The XRD patterns were 
collected in a Bragg angle (2θ) range of 5−90° with a step 

size of 0.002° in continuous mode and a counting time of 
8.670 s per step. Crystalline phases were qualitatively iden-
tified using the MDI Jade v.5.0.37 (SP1) software (Interna-
tional Center for Diffraction Data, USA) by matching the 
XRD patterns against the JCPDS (Joint Committee on Pow-
der Diffraction Standards) database.

Raman spectra were acquired using an Anton-Paar Cora 
5000 Raman spectrometer (Graz, Austria) equipped with 
two laser excitations (1064 and 785 nm). The 784 nm laser 
was chosen to minimize potential sample fluorescence. The 
measurements were performed at 150 mW of laser power 
and an exposure time of 5000 ms.

Preparation of the starchy food effluents

The starchy foods selected to evaluate the potential of their 
effluents as green scale inhibitors were potato, sweet potato, 
and cassava. The effluent used was the washing wastewater 
of their pulps and additionally the washing wastewater of the 
peels of both potatoes (potato and sweet potato). These efflu-
ents were produced by peeling the starchy foods and slicing 
them into approximately 1–2 cm3 pieces. The starchy foods 
pieces were submerged in distilled water (500 g per liter of 
water) overnight. The residual waters (Fig. 1) were vacuum 
filtered through cotton to separate larger residues and then 
freeze-dried. The freeze-dried starchy food effluents were 
later re-dissolved to HPLC analysis and to prepare a stock 
solution of 4000 mg L−1 that was stored under refrigeration 
until used in the tube-blocking tests.

Tube‑blocking tests

The method for the tube-blocking tests performed in this 
study is based on the NACE 31,105 standard (da Rosa et al. 
2020). This test evaluates the inhibition efficiency of a chem-
ical, which in this study were the model saccharides and 
polysaccharides and the starchy food effluents. The tube-
blocking tests are performed in a dynamic scale loop (DSL) 
equipment (Fig. 2). The DSL has two high-pressure pumps 
PU-4087 from Jasco (Tokyo, Japan) to pump the solutions 
that compose the brine (Table 1) through individual stain-
less-steel coils (Coil 1 and Coil 2) with an internal diameter 
of 1 mm and a length of 1 m. The coils are located inside 
an oven set at the experimental temperature to condition the 
solutions prior to mixing. The solutions mix inside a coil 
(test coil) with internal diameter of 0.5 mm and a length of 
1 m, which is also located inside the oven. A pressure trans-
ducer detects the scale formation when the differential pres-
sure between the inlet and outlet of the test coil increases.

The response obtained in the tube-blocking test is the 
scaling time, which is the time that elapses between the 
mixing of the solutions and the initiation of the differential 

Table 1   Composition of the different brines used in this study

[Ca2+] (mg L−1) [HCO3
−] 

(mg L−1)

Brine 1 1,080 2,180
Brine 2 540 1,090
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pressure increase. A control experiment (blank) per-
formed without the addition of the chemical (scale inhibi-
tor) defines 4-psi as the increase of the differential pres-
sure that occurs when the scale forms. An effective scale 
inhibitor must not exceed a differential pressure of 0.5-psi 
for a time equivalent to threefold the scaling time of the 
blank or a total time of 1 h, whichever is the longest. The 
experimental conditions for the tube-blocking tests were 
a continuous flow of 5 mL min−1 for each solution, pump-
ing pressure of 10 bar, and 80 °C. The model molecules 
and the starchy food effluents were added to the sodium 
bicarbonate solution in concentrations ranging from 50 to 
1000 mg L−1.

Compatibility tests

The compatibility tests were conducted using the two brines 
described in Table 1. The solutions were adjusted to a salin-
ity of 35,000 mg L−1 and pH 7.0. For the anion solution, 
sodium bicarbonate was excluded and replaced with NaCl to 
maintain the original solution’s ionic strength. The starchy 
food effluents were added to the anion solution at concentra-
tions ranging from 50 to 1000 mg L−1. Separate 25 ml bot-
tles were used for the cation and anion solutions. These bot-
tles were then placed in an oven and heated to 80ºC for 1 h. 
Subsequently, the solutions were mixed, and the turbidity 
of the mixture was measured after 1 and 24 h. Additionally, 
images of the solutions were captured for further analysis.

Fig. 1   Starchy food effluents. a 
Potato peels (potato and sweet 
potato peels), sweet potato and 
potato, and b cassava

Fig. 2   Dynamic scale loop 
equipment. a Picture of the 
dynamic scale loop, and b Sche-
matic of the oven interior
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Characterization of the starchy food effluents

The starchy food effluents were characterized using Fourier 
transform infrared spectroscopy (FTIR) and high-perfor-
mance liquid chromatography with a diode array detector 
(HPLC-DAD).

For the FTIR analysis, infrared spectra was acquired 
using a Thermo Scientific Nicolet 6700 instrument. The 
following specifications were used for the middle infrared 
region (MID): 16 scans, DTGS-KBr detector, KBr beam-
splitter, and analysis in the range of 4000 cm −1 to 400 cm −1,  
with 4 cm −1 resolution. The analysis was performed by 
transmission, and the sample preparation technique involved 
pressing a mixture of the sample with potassium bromide 
(KBr) to form a tablet for reading.

Phenolic compounds in the starchy food effluents were 
analyzed using HPLC-DAD. Prior to analysis, all freeze-
dried samples were re-dissolved in purified water, homog-
enized, and filtered through a 0.45 μm SFPTFE filter unit 
(Millipore, Barueri, Brazil). The liquid chromatography sys-
tem (Shimadzu®, Japan) consisted of a quaternary pump 
LC-20AT, a manual injector 7725 (Rheodyne) with a 20 
µL loop, a diode array detector SPD-M20A, a system con-
troller CBM-20 A, and a degasser DGU-20A5. A C18 col-
umn (5 μm, 250 mm x 4.6 mm, Phenomenex®) was used 
for chromatographic separations, and gradient elution was 
employed (Alves and Perrone, 2015). The mobile phase con-
sisted of a gradient of water with 0.3% formic acid and 1% 
acetonitrile (eluent A) and 1% acetonitrile in methanol (elu-
ent B) with a constant flow rate of 1.0 mL/min. The column 
was equilibrated with 18.2% B prior to sample injection. 
After injection, the proportion of eluent B was increased 
to 20.2% in 1 min, 43.4% in 18 min, and 85.9% in 23 min, 
and then kept constant up to 30 min. A 10-min interval was 
used between injections to re-equilibrate the column with 
18.2% B. Phenolic compounds were monitored by DAD in 
the wavelength range of 260 to 325 nm. The identification of 
specific compounds such as 5-caffeoylquinic acid (5-CQA), 
3,4-dihydroxybenzoic acid, and ferulic acid was performed 
by comparing their retention times and UV spectra with 
those of commercial standards. Additionally, small amounts 
of the appropriate standards were spiked into the samples for 
confirmation. The identification of other compounds such as 
3,4-dicaffeoylquinic acid (3,4-diCQA), 3,5-dicaffeoylquinic 
acid (3,5-diCQA), 4,5-dicaffeoylquinic acid (4,5-diCQA), 
and 4-feruloylquinic acid (4-FQA) was based on comparing 
their retention times and UV spectra with those of chloro-
genic acids (CGAs) from green coffee, as previously studied. 
Quantification of 5-CQA, 3,4-dihydroxybenzoic acid, and 
ferulic acid was performed by external standardization. The 
quantification of 3,4-diCQA, 3,5-diCQA, 4,5-diCQA, and 
4-FQA was carried out using the area of the 5-CQA stand-
ard combined with the molar extinction coefficients of the 

respective chlorogenic acids (Trugo and Macrae, 1984). The 
data were acquired using LC solution software (Shimadzu 
Corporation, version 1.23), and the results were expressed 
as mg of compound per 100 g.

Results and discussion

This work evaluates the influence of four model molecules 
on calcium carbonate scale, a monosaccharide (glucose), a 
disaccharide (maltose), and two polysaccharides (maltodex-
trin and soluble starch). The structures of these molecules 
contain hydroxyl groups whose amount varies according to 
the polymer chain size (Fig. 3). Previous works had already 
tested hydroxylated molecules such as monoethylene glycol 
as calcium carbonate scale inhibitors, showing their good 
performance (Kartnaller et al. 2018; Venancio et al. 2018). 
The evaluation of the four model molecules selected in this 
study reveals the effect of the polymer chain size (i.e. the 
number of hydroxyl groups) on calcium carbonate scale. 
Moreover, these molecules occur in starchy foods, and there-
fore, these results aid to understand the influence of starchy 
food effluents on calcium carbonate scale.

The precipitation of calcium carbonate in the presence of 
the model molecules was performed to evaluate the effects 
on the induction time, particle size and morphology, and 
crystalline structure of the precipitates. Figure 4a shows the 
induction time of the calcium carbonate precipitation in the 
presence of the model molecules, which was determined 
through RGB image analysis and pH measurement. The 
presence of all model molecules prolongs the induction time 
compared to blank test, showing a slight effect on precipita-
tion kinetics. Moreover, the induction time increases with 
the increase in polymer chain size, suggesting that a greater 
number of hydroxyl groups promotes a greater interaction 

Fig. 3   Chemical structure of the model molecules evaluated in this 
study. Monosaccharide: glucose, disaccharide: maltose, and polysac-
charides: maltodextrin and soluble starch
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with the precipitant ions delaying the nucleation or modify-
ing its mechanism.

(Rao et al. 2014) have already described the effects of 
glucose and maltose on calcium carbonate nucleation. These 
authors report that glucose (and derived molecules) inhib-
its nucleation whereas maltose destabilizes pre-nucleation 

clusters. Moreover, the impact of the size of the polymer 
chain may be due to the nature of calcium carbonate nuclea-
tion itself. As has been deeply debated and studied in the 
past decade, calcium carbonate does not follow the clas-
sical nucleation theory, but a non-classical one, where the 
mechanism for its formation has a liquid-liquid phase transi-
tion. As calcium and carbonate ion aggregates forming pre-
nucleation clusters, a liquid-liquid binodal can be reached, 
where nanodroplets of a new liquid phase form, that may 
later aggregate and go through solvent loss to form a new 
solid phase, leading to the crystallization. This liquid precur-
sor of the nucleation and its stability can be deeply related 
to the presence of other ions and molecules in solutions, 
and several studies have shown the impact of polyelectro-
lytes compounds on its stabilization. Studies have shown 
that acidic polypeptides, such as poly(aspartic acid), may 
induce the formation of a polymer induced liquid precursor 
(PILP) (Schenk et al. 2012). Furthermore, the work has also 
shown that poly(aspartic acid) and poly(acrylic acid) seem 
to stabilize the colloidal liquid nanodroplets against aggre-
gation and or/prevent the solvent loss, thus inhibiting the 
crystallization (Sebastiani et al. 2017). Even though the pol-
ysaccharides do not have acidic groups (but rather hydroxyl 
ones), results show that this polymeric effect still influences 
calcium carbonate crystallization. Rather the mechanism 
might be different to the polycarboxylates, the polysaccha-
rides might still be influencing the pre-nucleation phase of 
calcium carbonate crystallization and further studies may 
indicate the correct mechanism. It is important to note that 
different heteroatoms with non-binding electrons have the 
potential to interact with calcium and other divalent cations, 
which can potentially influence the crystallization process. 
However, the specific way in which these interactions relate 
to non-classical nucleation remains an aspect that requires 
further investigation and clarification.

However, Fig. 4b displays the pH drop at the initiation 
of calcium carbonate precipitation, which was similar in 
the presence of all model molecules. The drop in pH is due 
to the hydronium ions produced as the calcium carbonate 
precipitates according to Eqs. (1) and (2). Therefore, this 
drop indicates indirectly that the amount of calcium carbon-
ate precipitated is also similar in the presence of all model 
molecules.

The latter was corroborated by the similar mass of sol-
ids recovered from the precipitation experiments shown 
in Fig. 4c. This finding suggests that the model molecules 
evaluated influence nucleation kinetics but do not influence 

(1)HCO−

3(aq)
+ H2O(l) ⇌ CO2−

3
+ H3O

+

(aq)

(2)CO2−
3(aq)

+ Ca2+
(aq)

⇌ CaCO3(s)

Fig. 4   Calcium carbonate precipitation, in brine 1, temperature of 
30º C in the presence of the model saccharides and polysaccharides 
at 1000 mg L−1. a Induction time, b pH drop, and c mass of solids 
recovered. B: Blank, G: Glucose, M: Maltose, MD: Maltodextrin, and 
SS: Soluble Starch
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precipitation equilibrium. Moreover, Figs. 5 and 6; Table 2 
presents the effects of these molecules on the particle size, 
morphology, crystalline structure, and crystallite size. Fig-
ure 5 displays the SEM images of the solids formed in the 
presence of the model molecules.

Calcium carbonate particles exhibit a typical calcite mor-
phology in all the samples, including the blank experiment. 
The SEM images confirm that the tested model molecules do 
not significantly influence the precipitation equilibrium, as 
the morphology and size of the particles are similar to those 
in the blank test. The formation of calcite was check with 
XRD and Raman spectroscopy analysis. Figure 6a shows 
the XRD patterns of the precipitates, which are the same for 
all the samples and are typical of crystalline rhombohedral 
(R-3c) calcite phase. Raman spectroscopy also confirms the 
formation of calcite phase as the spectra show the major 
bands attributed to calcite: 1086 and 711 cm−1, correspond-
ing to the symmetric (ν1) stretching modes and the in-plane 
bending (ν4), respectively.

Moreover, the model saccharides and polysaccharides 
influence the crystallite size. Table 2 presents the crystallite 
sized calculated from the XRD patterns using the Scher-
rer equation (Patterson 1939) that relates this parameter 
with the full width at half-maximum intensity of the XRD 
reflections. Table 2 shows that the presence of the model 

saccharides and polysaccharides reduces the crystallite size. 
Soluble starch was the molecule that reduces the crystal-
lite size the most. This is an interesting result that suggests 
that this effect may be also related to the greater number of 
hydroxyl groups. However, there is not sufficient informa-
tion to conclude this, as the glucose reduces the crystallite 
size more than maltose and maltodextrin, even though it has 
fewer hydroxyl groups.

The potential of the model saccharides and polysaccha-
rides to inhibit calcium carbonate scale was then evaluated 
by performing several tube-blocking tests in two scenarios 
regarding the concentration of the precipitant ions (Table 1). 
Figure 7a show that the scaling time of the blank test for the 
brine 1 is 2 min and 42 s. The brine 1 is a severe condition 
(high concentration of precipitant ions) for the formation of 
calcium carbonate scale hence the increase of the differential 
pressure occurs rapidly. In this condition, the soluble starch 
is the molecule that delays the scaling time the most, fol-
lowed by the maltodextrin and maltose. Although these three 
molecules only slightly delay the scaling time, this result 
suggests its potential inhibitory effect. However, glucose, the 
only monosaccharide evaluated, does not show any effect as 
its scaling time is similar to the blank experiment. Despite 
the delay of the scaling time promoted by the addition of 
1000 mg L−1 of soluble starch, maltodextrin, and maltose, 

Fig. 5   SEM images of calcium carbonate precipitates formed in the presence of different model saccharides and polysaccharides. Magnification: 
6000X
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according to the NACE 31,105 standard procedure (da Rosa 
et al. 2020), none of these molecules is efficient in inhibiting 
calcium carbonate scale in this brine scenario.

The brine 2 has a lower concentration of precipitant ions 
than brine 1 and therefore is a less severe condition for cal-
cium carbonate scale formation, resulting in a scaling time 
of 8 min and 16 s for the blank. The model molecules show a 
greater inhibitory effect for the brine 2 compared to the brine 
1 as shown in Fig. 7. The slight inhibitory effect observed in 
Fig. 7 of the model molecules may be related to their effect 
on the induction time of the calcium carbonate precipitation 

(Fig. 4). Soluble starch is the molecule that delays the scal-
ing time the most followed by maltodextrin, maltose, and 
glucose. This result suggests that the greater the size of the 
polymer chain, the greater the inhibitory effect. Soluble 
starch, a long-chain polysaccharide composed of more than 
200 glucose monomers (Fig. 3), shows a greater inhibitory 
effect than maltodextrin, which is a polysaccharide com-
posed of up to 20 glucose monomers. Maltose, composed of 
two glucose monomers, and the glucose itself, do not show 
a considerable inhibitory effect for both brine scenarios. 
(Bisatto et al. 2022) affirms that the molar mass of a polymer 
has a strong influence on scale inhibition efficiency. Accord-
ing to these authors, the increase in molar mass increases the 
efficiency of a molecule because of likely greater adsorption 
on crystalline surfaces, which induces the formation of irreg-
ular particles with non-crystalline shapes. The SEM image 
of the calcium carbonate precipitates formed in the pres-
ence of soluble starch show some irregular shapes (Fig. 5); 
however, the Raman spectrum do not show non-crystalline 
phases (amorphous phases) (Fig. 6).

Fig. 6   XRD patterns and Raman spectra of calcium carbonate pre-
cipitates formed in the presence of different model saccharides and 
polysaccharides. a XRD patterns and b Raman spectra

Table 2   Crystallite size of the 
calcite formed in de presence 
of the model saccharides and 
polysaccharides

Molecule Crystallite 
size (nm)

Blank 317
Glucose 223
Maltose 281
Maltodextrin 274
Soluble starch 190

Fig. 7   Evaluation of model saccharides and polysaccharides to inhibit 
calcium carbonate scale in two brine scenarios at 80 ºC. a Brine 1 and 
b Brine 2. The concentration of the model molecules was 1000 mg 
L−1
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Moreover, soluble starch does not present variations in 
the differential pressure greater than 0.5 psi for 1 h. There-
fore, soluble starch at a concentration of 1,000 mg L−1 is 
efficient to inhibit calcium carbonate scale in the brine 2 
scenario. The concentration of 1000 mg L−1 is higher than 
concentrations used for commercial scale inhibitors (e.g. 
phosphorous compounds); however, as the molecules used 
in this study are biodegradable and low cost, this concentra-
tion is a suitable starting point to evaluate their efficiency. 
Figure 8 shows the results of evaluating soluble starch at 
different concentrations ranging from 50 to 1000 mg L−1 
to establish its minimum inhibitory concentration (MIC).

Figure 8 shows that concentrations of 500 and 1000 mg 
L−1 of soluble starch are efficient to inhibit calcium carbon-
ate scale as the differential pressure only varies 0.34 and 
0.02 psi respectively. However, the experiments with con-
centrations less than 500 mg L−1 exceed 4 psi, indicating the 
scale formation in less than 1 h. Therefore, the MIC of the 
soluble starch is 500 mg L−1 for the brine 2 scenario.

The performance of the soluble starch indicates that 
starchy food effluents may also be efficient to inhibit cal-
cium carbonate scale because soluble starch is their main 
component. Soluble starch is for instance one of the main 
polysaccharides recovered from effluents of potato process-
ing for applications not only in the food industry but also in 
other industries as in this study (Bergel et al. 2018). Starchy 
food byproducts and effluents such as the liquid waste from 
the manufacture of cassava starch and sweet potato peels are 
often an environmental issue (Anastácio et al. 2016; Costa 
et al. 2021). Therefore, much research has focused on the 
recovery and use of substances of commercial interest from 
these residues (Mironescu 2011; Torres and Domínguez 
2020). Our study used potato, sweet potato, cassava, and 
potato peels as the source of the starchy food effluents 

evaluated as potential green inhibitors of calcium carbonate 
scale. The products obtained from the freeze-drying of the 
washing wastewaters of these starchy foods were tested in 
the two brine scenarios at a concentration of 500 mg L−1 and 
the results are presented in Fig. 9.

Figure 9 shows that the starchy food effluents influence 
the calcium carbonate scale formation even in the more 
severe condition of the brine 1. They also delay the scal-
ing time more than the soluble starch at a concentration of 
1000 mg L−1, which is 5 min and 46 s (Fig. 7a), a shorter 
value than, for example, the 20 min of the potato effluent. 
This result is probably due to the presence of other sub-
stances rather than soluble starch in the effluents, which can 
also contribute to the inhibition of calcium carbonate scale 
(Mironescu 2011). Moreover, potato peels effluent shows a 
better performance than soluble starch under the test condi-
tions, but it is not sufficient to be considered as an efficient 
inhibitor.

In the less severe condition, the brine 2, sweet potato was 
the starchy food effluent that shows the best performance. 
The differential pressure of the experiment with the addition 

Fig. 8   Evaluation of different concentrations of soluble starch to 
inhibit calcium carbonate scale for brine 2 at 80 ºC

Fig. 9   Evaluation of starchy food effluents at a concentration of 
500 mg L−1 to inhibit calcium carbonate scale. a Brine 1 and b Brine 
2
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of sweet potato effluent did not present variations greater 
than 0.05 psi for 60 min. This was a smaller increase com-
pared to the soluble starch for the same scenario, which was 
0.34 psi. Thus, according to the procedure to evaluate the 
inhibition efficiency, both the sweet potato effluent and the 
soluble starch at a concentration of 500 mg L−1 were effi-
cient to inhibit calcium carbonate scale but the sweet potato 
effluent showed a better performance. Potato peels also 
showed a relevant result in this brine scenario as the differ-
ential pressure increased 0.5 psi only after 29 min; however, 
this time is not sufficient to consider this effluent as efficient.

Compatibility tests were also conducted using potato, 
sweet potato, potato peels, and cassava to assess their ability 
to remain soluble in the presence of Ca2+ ions at a specific 
temperature. The compatibility was determined by visually 
assessing each sample using a turbidimeter after 1 and 24 h. 
The product is considered approved if it meets the follow-
ing criteria: a visibly clear solution, turbidity levels lower 
than 10 NTU after 24 h, and no precipitate formation after 
24 h. An increase in turbidity exceeding 10 NTU or the pres-
ence of precipitation indicates a dosage limitation of the 
inhibitor under the tested conditions (da Rosa et al. 2020). 
Tables 3 and 4 present the turbidity results for different dos-
ages of starchy food effluents added to brine 1 and brine 2, 
respectively.

According to Table 3, the dosage limits for brine 1 are 
100 mg L−1 for potato, sweet potato and cassava, and 50 mg 
L−1 for the potato peels. These results indicate that all 
starchy effluents are incompatible at a dosage of 500 mg 
L−1 after 24 h. However, after 1 h, only the cassava effluent 
was incompatible. Since all solutions were freshly mixed 
with the brines at the time of the tube blocking test, it is 
unlikely that the solutions were already incompatible during 
the experiment. This was true except for the cassava effluent, 
which could explain why its scaling time was smaller than 

the blank experiment. The incompatibility suggests that a 
component of the inhibitor (in this case, the effluent) is pre-
cipitating with the brine. The presence of a precipitate in the 
solution may influence the nucleation step of crystallization, 
leading to secondary nucleation and increased solid forma-
tion kinetics. This could explain why the differential pres-
sure for the cassava effluent increased more rapidly and line-
arly during the experiment. The reason why cassava exhibits 
this behavior more prominently may be related to the type 
of starch extracted from the product. Cassava typically has 
a higher ratio of amylopectin to amylose compared to other 
root and tuber crops (Moorthy 2002). The amylopectin con-
tent in starch is usually associated with its crystallinity, with 
branched molecules forming tightly packed double helices 
that are resistant to water uptake and swelling. In contrast, 
the linear molecules of amylose can form hydrogen bonds 
with water molecules, making it more soluble (MacNeill 
et al. 2017). The packing arrangement of amylopectin can 
result in different types of crystalline structures, which in 
turn affects overall solubility. Literature reports suggest 
that cassava starch exhibits A-type amylopectin crystal-
linity, which corresponds to a denser and more compact 
structure that tends to be less soluble. In contrast, potato 
starch exhibits B-type crystallinity, which is less dense and 
more hydrated, and sweet potato starch can exhibit A-, B-, 
or C-type crystallinity (Wang et al. 2017). Therefore, cas-
sava starch has a greater tendency to be less soluble, leading 
to the precipitation of the amylopectin component of the 
extracted starches in the brines at a faster rate, resulting in 
incompatibility observed at the 1-hour mark.

For the brine 2 (Table 4), the dosage limits after 24 h 
were 100 mg/L for potato and cassava, 50 mg/L for potato 
peels, and 500 mg/L for sweet potato. Therefore, sweet 
potato was found to be compatible with brine 2 at a concen-
tration of 500 mg/L, while the other starchy effluents were 

Table 3   Compatibility tests for 
brine 1 at 80 ºC

Potato Sweet potato Potato Peel Cassava

Dosage Turbidity (NTU) Turbidity (NTU) Turbidity (NTU) Turbidity (NTU)

mg L-1 1 hour 24hours 1 hour 24hours 1 hour 24hours 1 hour 24hours

Blank < 10 < 10 < 10 < 10 < 10 < 10 < 10 < 10

50 < 10 < 10 < 10 < 10 < 10 < 10 < 10 < 10

100 < 10 < 10 < 10 < 10 < 10 > 10 < 10 < 10

500 < 10 > 10 < 10 > 10 < 10 > 10 > 10 > 10

1000 > 10 > 10 < 10 > 10 > 10 > 10 > 10 > 10

Caption: Clear
Turbid

< 10 NTU

Turbid

> 10 NTU
Precipitate

Table 4   Compatibility test for 
Brine 2 at 80 ºC

Potato Sweet potato Potato Peel Cassava

Dosage Turbidity (NTU) Turbidity (NTU) Turbidity (NTU) Turbidity (NTU)

mg L-1 1 hour 24hours 1 hour 24hours 1 hour 24hours 1 hour 24hours

Blank < 10 < 10 < 10 < 10 < 10 < 10 < 10 < 10

50 < 10 < 10 < 10 < 10 < 10 < 10 < 10 < 10

100 < 10 < 10 < 10 < 10 < 10 = 10 < 10 < 10

500 < 10 > 10 < 10 < 10 < 10 > 10 > 10 > 10

1000 > 10 > 10 < 10 > 10 > 10 > 10 > 10 > 10

Caption: Clear
Turbid

< 10 NTU

Turbid

> 10 NTU
Precipitate
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incompatible at this concentration. Furthermore, in addition 
to being compatible at a dosage of 500 mg/L, sweet potato 
also exhibited the best performance in the tube blocking 
test at the same dosage. These results suggest that the sweet 
potato effluent holds promise as a green scale inhibitor and 
warrants further investigation and improvement. Regarding 
the 1-hour limit of the compatibility test, the cassava effluent 
once again demonstrated incompatibility with the brine and 
exhibited a faster increase in differential pressure compared 
to the blank experiment. However, the potato peels effluent 
was also incompatible with the brine but did not exhibit 
the same behavior. Instead, it prevented scale formation for 
almost 15 min. This indicates that compatibility tests need to 
be carefully evaluated when selecting an inhibitor since they 
can operate through various mechanisms. An inhibitor may 
not prevent precipitation or may even induce precipitation 
and still function effectively, as demonstrated by the potato 
peels. Overall, these results highlight that relying solely on 
compatibility tests and the influence of effluents on scale 
formation, as observed in the soluble starch, is not suffi-
cient to fully understand their behavior. It is likely that other 
molecules present in the effluents, beyond just the starchy 
materials, play a role in the observed effects.

Figure 10 displays the FT-IR spectra of the food efflu-
ents. The spectra exhibit a broad band in the range of 
3000–3600  cm−1, which corresponds to the stretching 
vibrations of the O–H group. The well-defined band at 
approximately 2930 cm−1 observed in spectrum (c) cor-
responds to the stretching vibrations of the C–H bonds. A 
band at 1600 cm−1 is present due to the angular deforma-
tion of the O–H group. Additionally, absorptions bands 
resulting from the bending of the CH2 group are visible 
at approximately 1460 cm−1, and bands at approximately 
1120 cm−1 correspond to the stretching vibration of the 

C–O group. Therefore, the FTIR spectra provide evidence 
of the presence of several O–H groups in the starchy food 
effluents, which are presumably responsible for the inter-
actions with the calcium carbonate and contribute to the 
inhibition of scale formation.

Considering that the food effluents primarily consist of 
these polyhydroxylated biopolymers, their effectiveness 
as calcium carbonate scale inhibitors can be attributed to 
similar mechanisms observed in studies of other polymeric 
molecules. Polymeric scale inhibitors are effective due to 
their ability to form complexes with inorganic salt ions, 
thereby preventing their precipitation. Additionally, the 
presence of negatively charged functional groups allows 
these polymers to adsorb onto the surface of the pre-
cipitates. This adsorption process helps inhibit particle 
agglomeration and keeps the particles suspended in the 
solution (Al-Roomi and Hussain 2016; Huang et al. 2019).

A study conducted in a Venezuelan oil field (Castillo 
et al. 2009) demonstrated that aloe vera extract can exhibit 
equal or even better efficiency as an inhibitor compared to 
commercial inhibitors. Aloe vera extract consists of vari-
ous components, including amino acids, vitamins, glyco-
sides, and minerals. Its chemical composition may vary 
depending on factors such as plant cultivation conditions. 
However, it consistently contains polysaccharides that 
possess carbonyl and hydroxyl groups. These functional 
groups have the ability to form complexes with divalent 
ions, which are responsible for the formation of inorganic 
scales. Polysaccharides present in an aqueous solution 
have been found to effectively control the formation of 
calcium carbonate crystals. This is achieved through the 
interaction between calcium ions and the oxygen atoms 
of the polysaccharide, forming coordination bonds. The 
large radius of calcium ions allows them to coordinate 
with spaced oxygen atoms, facilitating the complexation 
of calcium by the polysaccharides (Viloria et al. 2011).

In addition to starch, these food products are also source 
of proteins, carboxylic acids, other carbohydrates and fib-
ers, minerals, vitamins, and phenolic compounds (Torres 
and Domínguez 2020). A study conducted by (Abdel-
Gaber et al. 2011) evaluated olive leaves extract, which 
is rich in phenolic compounds such as oleouropein and 
bisphenol, as scale inhibitor. This extract was efficient in 
inhibiting the calcium carbonate nucleation because phe-
nolic compounds can complex Ca2+ ions through their 
hydroxyl and carboxyl groups (Chaussemier et al. 2015). 
Therefore, the presence of phenolic compounds may 
explain the better performance of sweet potato and potato 
peels effluent compared to the potato effluent. The pH of 
the starchy food effluents could shed some light on the 
presence of phenolic compounds and organic acids that 
contribute to the inhibitory effect through carboxyl groups. Fig. 10   The FT-IR spectra of starchy food effluents. (a) Potato peels 

(b) Cassava (c) Sweet Potato and (d) Potato
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Table 5 presents the pH of the effluents determined with a 
pH-meter SevenMulti from Mettler Toledo.

The pH of the sweet potato effluent is indeed lower than 
the potato effluent, suggesting the presence of a greater 
number of carboxyl groups. Although phenolic compounds 
are more concentrated in the sweet potato peel (Torres and 
Domínguez 2020), the potato peels effluent used in this 
study includes the peels of both potatoes (potato and sweet 
potato) and its pH is higher than the sweet potato effluent. 
Hence, the inhibitory performance of sweet potato effluent 
was better than that of potato peels effluent (Fig. 9). The 
presence of phenolic compounds in the starchy food efflu-
ents was confirmed using HPLC-DAD analysis, as shown in 
Table 6. The results of HPLC-DAD indicated the presence 
of ferulic acid in cassava, 3,4-dihydroxybenzoic acid, and 
subclasses of chlorogenic acids in sweet potato and potato 
peels. The chlorogenic acid subclasses identified included 
3-CQA, 4-CQA, 5-CQA, 4-FQA, 3,4-diCQA, 3,5-diCQA, 
and 4,5-diCQA.

By examining the chemical structures of the mentioned 
acids (Fig. 11), it can be observed that the isomers of chlo-
rogenic acid have a higher number of hydroxyl and carboxyl 
groups compared to ferulic acid. The presence of chloro-
genic acid in sweet potato may be the factor that contrib-
uted to its higher inhibitory efficiency compared to the other 
starchy food effluents.

Table 5   pH of the starchy food 
effluents

Effluent/Molecule pH

Potato 5.4
Potato peels 4.8
Sweet potato 4.1
Cassava 3.9

Table 6   Phenolic compounds (mg/100 g) in starchy food effluents

ND: not detected

Phenolic compounds Potato Sweet potato Potato peels Cassava

3-CQA ND 3.70 31.73 ND
4- CQA ND 8.31 22.58 ND
5- CQA ND 82.73 208.00 ND
4- FQA ND 5.92 9.86 ND
3,4-di CQA ND ND 2.38 ND
3,5-di CQA ND 0.65 24.22 ND
4,5-di CQA ND 9.41 ND ND
3,4-dihydroxybenzoic 

acid
ND 4.49 5.00 ND

Ferulic acid ND ND ND 2.45

Fig. 11   Phenolic compounds present in starch food effluents. a 3-CQA, b 4-CQA, c ferulic acid, d 5- CQA, e 4,5-diCQA, f 4-FQA, g 3,5-di 
CQA, h 3,4-dihydroxybenzoic acid, and i 3,4-diCQA
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Despite the higher quantity of phenolic acids in the potato 
peels extract compared to sweet potato, it cannot be consid-
ered an effective inhibitor because it was incompatible with 
brine 1 and brine 2 at a concentration of 500 mg L−1. How-
ever, the sweet potato, which also contained a significant 
content of phenolic compounds, was compatible with brine 
2 at 500 mg L−1 and showed good performance in the tube 
blocking tests, inhibiting precipitation for 1 h under these 
conditions (Fig. 9). In contrast, despite the pH of the cassava 
effluent being the lowest among all samples, only a small 
amount of ferulic acid was detected in it, and its inhibitory 
performance was the worst. This result could be explained 
by two reasons. Firstly, the low pH of the cassava effluent is 
due to the presence of ferulic acid and other organic acids or 
amino acids (Reis et al. 2011a). However, these compounds 
may have a less inhibitory effect because they possibly do 
not have polymeric structures. Secondly, the compatibility 
tests confirm the incompatibility of cassava with the two 
brines studied in this work, which led to secondary nuclea-
tion and the induction of scale formation.

Conclusion

Evaluating the potential of model saccharides (glucose and 
maltose) and polysaccharides (maltodextrin and soluble 
starch) to inhibit calcium carbonate scale showed the influ-
ence of the polymeric chain size on the precipitation kinetics 
and scale formation time. This was observed by the increase 
in the induction time of the precipitation experiments and 
by the increase in the scaling time in the tube blocking tests. 
However, only the soluble starch was efficient to inhibit cal-
cium carbonate scale at a minimum concentration of 500 mg 
L−1 for the less severe brine scenario.

From the starchy food effluents evaluated in this work, 
only the sweet potato effluent showed to be promising to 
inhibit calcium carbonate scale. The potato peels efflu-
ent showed better performance than soluble starch for the 
more severe brine scenario. However, it is not sufficient to 
be considered an efficient inhibitor, and this can be attrib-
uted to its incompatibility with brine 1 and brine 2 at the 
concentration used for the tube blocking test. Although the 
potato effluent slightly influenced the scaling time, it was 
not efficient in inhibiting calcium carbonate scale, possi-
bly due to the lack of phenolic compounds. Furthermore, 
this effluent was incompatible in both scenarios. The cas-
sava effluent was incompatible with the brines used in this 
study, as scale formation occurred almost immediately in its 
presence. In contrast, the sweet potato is efficient to inhibit 
calcium carbonate scale for the less severe brine scenario, 
showing a better performance compared to soluble starch. 
These results were attributed to the presence of phenolic 
compounds, such as 3,4-dihydroxybenzoic acid and mainly 

subclasses of chlorogenic acid besides soluble starch that 
may also have inhibitory effects. Furthermore, sweet potato 
was compatible in brine 2 for 500 mg L−1.

The sweet potato effluent demonstrated potential as an 
inhibitor calcium carbonate scale. However, further studies 
are necessary to investigate and enhance its performance. 
These studies should be focused on determining the polymer 
chain size of the polysaccharides present in the effluent, as 
this study suggest that it has an effect on calcium carbon-
ate precipitation kinetics. Additionally, other studies should 
be conducted to evaluate specific criteria that a commercial 
scale inhibitor must meet, such as thermal resistance, effec-
tive performance at low concentrations, resistance to pH 
variations, strong affinity with other inorganic salts, water 
solubility, and cost-effectiveness.

The findings of this study highlight the significance of 
exploring other starchy food effluents that, as the sweet 
potato, could be eventually used as scale inhibitors. Thus, 
the starchy effluents may become an abundant and cost-
effective source of biodegradable molecules for the devel-
opment of green scale inhibitors.
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