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In different industries, the formation of unfavourable inorganic crystals or “mineral scaling”, which reduces
the efficiency of the system, is prevented by using some chemicals known as “antiscalants”. However, the
mechanisms by which antiscalants interact with growing crystals are still not well-understood. Therefore,
herein, the effects of 10-70 ppm hydroxyethylamino-di(methylene phosphonic acid) (HEMPA) on the
crystallization of gypsum as a common mineral scale were investigated. Various analytical techniques such
as UV-vis, SEM, HR-TEM, EDS, XRD, XPS, and ICP-OES were employed. The results revealed that increasing
the concentration of HEMPA, which enhanced the amount of additive molecules in the solution, increased
the induction time and decreased the slope of the turbidity development graphs. This means that HEMPA
effectively reduced the nucleation and growth kinetics of gypsum crystals. Moreover, raising the pH of the
additive-containing solutions from ~4 to ~7 further deprotonated HEMPA and improved its ability to
hinder gypsum formation. Hence, at pH ~ 7, no gypsum crystals precipitated except in the 10 ppm
HEMPA-dosed electrolyte. Furthermore, the solids formed in the blank system were thin, large, and
elongated along the ¢ direction compared to the tiny particles produced with 70 ppm HEMPA (at pH ~ 4).
The findings also indicated that at the appropriate HEMPA-concentration and solution pH, HEMPA
significantly inhibits gypsum crystallization through various mechanisms including chelation of crystal-
forming ions in the solution, surface adsorption, and structural incorporation.
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by temperature fluctuations, the degree of supersaturation,
and the presence of impurities.’®'” Therefore, much effort is

1. Introduction

In various industries, such as petroleum,' hydrometallurgy,>
water purification,® and geothermal energy production,® the
presence of supersaturated solutions results in the nucleation
and growth of some sparingly soluble minerals.> During this
unfavourable phenomenon which is called “mineral scaling”,
the pipelines and membranes get clogged and sometimes
corroded.®” Therefore, mineral scale formation reduces the
lifetime of industrial facilities and leads to increased
maintenance or replacement costs.®

There are various types of mineral scales but the common
ones are calcite,’ barite,"®'" struvite,'* silica,"® and gypsum."*
Gypsum or calcium sulfate dihydrate (CaSO,-2H,0) is a
crystalline phase in the CaSO,-H,O system and its formation
is important from the natural geochemical and industrial
points of view."> However, gypsum precipitation, which is
usually encountered in water desalination plants, is affected
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made to study the crystallization pathway of this mineral and
inhibit its precipitation.

According to the literature, acid washing and/or
mechanical cleaning are the techniques commonly used to
remove precipitated mineral scales.*'® However, these
techniques have disadvantages such as corrosion or surface
damage.’”?° Hence, hindering mineral scaling by dosing
chemicals known as “antiscalants” into the system is
recommended.>"*>

Until now, many industrial antiscalants have been
produced and among the effective ones are those with
phosphonate, carboxylate, and sulfonate functional groups in
their molecular structures.**>* For example, it was observed
that sodium  polyaspartate and 1-hydroxyethylidine
1,1-diphosphonic acid (HEDP) prevented barite*® and
calcite®® precipitation, respectively.

In the case of gypsum scaling, it has been reported that
the presence of 2 ppm poly(acrylic acid) inhibits the gypsum
formation process by 94%.>” Akyol et al. also reported that
increasing the molecular weight of carboxymethyl inulin from
3000 to 6500 effectively reduced the amount of gypsum
crystals that precipitated in the system.>® The gypsum
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antiscaling potential of different aminophosphonates such as
aminotris(methylene phosphonic acid) (ATMP) has also been
documented.***°

However, the ability of hydroxyethylamino-di(methylene
phosphonic acid) (HEMPA) in preventing gypsum mineral
scaling has not yet been investigated. Most importantly, how
this additive might interact with gypsum crystals and affect
their precipitation kinetics is still unclear.

To address these questions, gypsum crystallization was
probed in the absence and presence of HEMPA. The effects
of the additive concentration and the solution pH on the
nucleation and growth kinetics, morphology, and gypsum/
HEMPA interactions were evaluated by various analytical
techniques. Our findings revealed that HEMPA, even at ppm
levels, delayed gypsum formation via both surface adsorption
and structural incorporation which affected the morphology
of the synthesized crystals.

2. Experimental methods

To produce calcium sulfate dihydrate (gypsum) crystals, 250
ml of a 0.15 M CaCl,-2H,0 (ACS reagent; Sigma-Aldrich)
solution was added to 250 ml of a 0.15 M Na,SO, (ACS
reagent; Sigma-Aldrich) solution at room temperature. The
obtained supersaturated solution was stirred continuously for
240 min before vacuum filtering the final products.

The tested additive was hydroxyethylamino-di(methylene
phosphonic acid) (HEMPA; C,H;3NO,P,; THWATER Co. Ltd.)
and its molecular structure is depicted in Fig. 1. The gypsum
crystallization process in the presence of HEMPA was
conducted by dosing 20 ppm, 60 ppm, 100 ppm or 140 ppm
of this compound into the sodium sulfate solution before the
addition of an additive-free calcium chloride solution. Hence,
the initial additive concentration in the gypsum formation
solution varied in the range of 10-70 ppm. Further, the role
of pH in the gypsum precipitation process in the absence
and presence of HEMPA was evaluated by adjusting the pH
of both calcium and sulfate solutions to ~4 or ~7 before
mixing. For pH adjustment, a few milliliters of NaOH and/or
HCI solutions was used.

The nucleation and growth kinetics of calcium sulfate
dihydrate crystals in the absence and presence of HEMPA
were monitored using a UV-vis instrument (Jenway 7305). In
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Fig. 1 Molecular structure of

phosphonic acid).

hydroxyethylamino-di(methylene
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this regard, at appropriate time intervals, the absorbance of
2.5 mL aliquots pipetted from the crystallization solutions
was measured at 4 = 520 nm and 21 °C. Normalizing the
recorded data with respect to the maximum absorbance value
obtained in the absence of the additive and plotting them (in
%) over time yielded the turbidity development curves which
were used as a proxy to evaluate the crystallization kinetics.
These procedures were repeated three times.

The phase and morphology of the crystals obtained from
the blank and the HEMPA-containing solutions were
evaluated utilizing X-ray diffraction (XRD; Bruker DS
diffractometer; CuKa1), field emission gun scanning electron
microscopy (FEG-SEM, FEI Quanta 650, 5 kV) and field
emission gun electron source transmission electron
microscopy (TEM; FEI Tecnai G2 F20 X-Twin; 200 kV).

A high-resolution TEM equipped with a Gatan Tridiem
energy filter, a Fischione high-angle annular dark field
detector, and an energy dispersive X-ray analyzer (EDS) was
utilized for bright- and dark-field imaging, together with
chemical composition analyses. A diamond saw microtome
(Leica Saw SP1600) was also used to produce ultrathin
sections of the resin-embedded gypsum end-products.

The amounts of calcium and HEMPA consumed during
gypsum formation were assessed by measuring the
concentrations of Ca®" and P in the aliquots taken from the
blank or the HEMPA-amended solutions 10 seconds (initial
concentration) and 240 min (final concentration) after the
onset of supersaturation. In some experiments, the
concentration of HEMPA during the gypsum crystallization
process was also determined. It should be noted that based
on the molecular weight of HEMPA, the measured
concentration of P (in ppm) was converted to the amount of
HEMPA (in ppm) present in the solution. The aqueous
elemental analyses were performed using an inductively
coupled plasma optical emission spectrometer (ICP-OES;
Thermo Scientific iCAP 7400).

To determine whether HEMPA had any interactions with
the formed gypsum crystals, the top layers of the obtained
solids were probed by X-ray photoelectron spectroscopy (XPS;
Kratos Axis Ultra-DLD spectrometer; detection limit: 0.1 at%;
base pressure: ca. 6 x 10’ Pa). High-resolution XPS scans
were obtained with a monochromatic aluminum K, X-ray
source (144 W) and pass energies of 40 eV. The C (1s) signal
detected at a binding energy of 284.8 eV was also used as a
charge reference. In addition, the amount of the elements (in
at%) was defined using CasaXPS™ software (Version 2.3.15).

3. Results

The turbidity changes versus time were plotted to evaluate
the gypsum crystallization kinetics in the absence and
presence of HEMPA at two pH values of ~4 or ~7 (Fig. 2 and
3). For further clarity, the corresponding “absorbance vs.
time” plots were also presented (Fig. S1 and S2+).

At pH ~ 4, it can be seen that in the HEMPA-free solution,
the turbidity curve deviated from the baseline after ~2 + 1

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Turbidity vs. time plots obtained in the absence and presence
of different concentrations of HEMPA at pH ~ 4. Note that the
corresponding absorbance vs. time plots are reported in the
supporting document as Fig. S1.f
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Fig. 3 Turbidity vs. time plots obtained in the absence and presence
of different concentrations of HEMPA at pH ~ 7. Note that the
corresponding absorbance vs. time plots are reported in the
supporting document as Fig. S2.

min which is known as the induction time. Moreover, after a
sharp increase, the turbidity reached 100% within ~30 + 1
min (Fig. 2). In contrast, the presence of HEMPA affected
both the induction time and the slope of the turbidity
development graphs. It is obvious that dissolving 10 ppm
HEMPA in the crystallization solution increased the
induction time to ~14 + 2 min, whilst the presence of 30
ppm, 50 ppm or 70 ppm HEMPA yielded the induction times
of ~27 + 2 min, ~75 + 3 min, or 100 + 5 min, respectively.
Meanwhile, the slope of the linear part of the turbidity
development plots decreased from 25 + 0.1 (% min") in the
additive-free system to 4 + 0.1, 1.5 + 0.1, 0.5 + 0.1 or 0.2 + 0.1
(% min™") in the 10 ppm, 30 ppm, 50 ppm, or 70 ppm
HEMPA-containing solutions, respectively. It is also notable
that the turbidity plots just reached 100% with 10 ppm
HEMPA (after ~50 min) and 30 ppm HEMPA (after ~85 min).
Meanwhile, a maximum turbidity of 80% or 30% was
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obtained in the 50 ppm or 70 ppm HEMPA-dosed electrolyte,
respectively.

At pH ~ 7, the graph obtained from the blank solution
was almost similar to the one plotted at pH ~ 4 (Fig. 3).
However, in the presence of HEMPA, the induction time was
just recorded in the 10 ppm HEMPA amended system. With
10 ppm HEMPA (at pH ~ 7), the induction time was ~60
min. After this period of time, the turbidity plot developed
exponentially for the next 90 min until it reached 55%. At
this point, the corresponding plot abruptly increased with a
slope similar to the slope of the turbidity changes in the
HEMPA-free solution and subsequently levelled off after 10
min (totally ~195 min from the onset of supersaturation).

To further evaluate the antiscaling performance of
HEMPA, the concentration of this additive was measured
~10 seconds (initial concentration) and 240 min (end-
concentration) after the onset of supersaturation. As
indicated in Fig. 4, at pH ~ 4, the end-concentration of
HEMPA was ~2 ppm, ~12 ppm, ~27 ppm or ~58 ppm when
10 ppm, 30 ppm, 50 ppm or 70 ppm HEMPA was initially
dissolved in the solution, respectively. However, at pH ~ 7,
HEMPA was almost removed from the 10 ppm additive-
containing solution (yielding an end-concentration of ~0.7
ppm) whilst its concentration in the 30 ppm, 50 ppm, or 70
ppm amended solutions remained constant.

To obtain an insight into the depletion pathway of 10
ppm HEMPA during gypsum formation at pH ~ 7, the
amount of this additive in the solution was monitored for
240 min (Fig. 5). It is apparent that after the induction time
the concentration of HEMPA in the solution gradually
decreased. Therefore, the turbidity and the HEMPA
concentration plots almost mirrored each other.

The effects of HEMPA on the gypsum crystallization
process were also evaluated by measuring the concentration
of Ca®" in the blank and in the HEMPA-containing
electrolytes after 240 min (Table 1). At pH ~ 4, the
concentration of Ca®" in the additive-free solution decreased
from the initial concentration of ~75 mM to ~21 mM.
Meanwhile, in the presence of 10 ppm, 30 ppm, 50 ppm, or
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Fig. 4 The initial and end concentrations of 10 ppm, 30 ppm, 50 ppm
and 70 ppm of HEMPA in the gypsum formation solutions measured at
pH ~ 4 and ~7.
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Fig. 5 Changes in the turbidity and the amount of 10 ppm HEMPA in
the gypsum formation solution measured at pH ~ 7.

Table 1 The amount of calcium ion (in mM) remained in blank or the
HEMPA containing systems at different pH values

Additive-free 10 ppm 30 ppm 50 ppm 70 ppm
pPH ~ 4 21+1.4 25+1.3 40 £ 1.3 51£1.5 60 = 1.5
pH~7 23+1.3 34+1.3 0 0 0

70 ppm HEMPA, ~25 mM, ~40 mM, ~51 mM or ~60 mM
Ca®* remained in the solution, respectively. In addition, at
pH ~ 7, the unused amount of calcium ions in the plain
gypsum formation solution was ~23 mM which was almost
similar to the measured Ca®>" end-concentration at pH ~ 4.
Besides, ~34 mM Ca*" was not consumed in the 10 ppm
HEMPA amended solution whilst with 30 ppm, 50 ppm or 70
ppm HEMPA the initial concentration and the end-
concentration of Ca®>" were equal.

The top layers of gypsum crystals filtered from the
solutions without and with HEMPA at different pH values
were characterized by XPS (Table 2). As an example, the XPS
spectrum for the gypsum crystals gathered from the 30 ppm
HEMPA amended solution at pH ~ 4 is presented in Fig. 6.
In this figure, the Ca 2p, S 2p, and O 1s peaks occurred at
binding energies of 347.31 eV, 168.31 eV, and 531.31 eV,
respectively, which are related to gypsum crystals. The Na 1s,
Cl 2p peaks detected at binding energies of 1071.31 eV and

Table 2 XPS data (in at%) related to gypsum crystals synthesized in the
absence and presence of HEMPA

Ca S (e} Na Cl P c?
Additive-free 12.3 12.5 59.9 0.2 0.1 — 15
10 ppm-pH ~ 4 122 12,7 597 02 01 —  15.1

10 ppm-pH ~ 7 12,3 127 595 0.2 01 0.3 149
30 ppm-pH ~4 122 127 596 0.2 01 04 148
50 ppm-pH ~4 122 126 59.7 0.2 0.1 05 147
70 ppm-pH ~4 122 12,6 59.6 0.2 01 0.7 146

“ Adventitious carbon.
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Fig. 6 XPS spectra for gypsum crystals synthesized in the presence of
30 ppm HEMPA at pH ~ 4.

1200

268.31 eV, respectively, are assigned to NaCl already present
in the electrolyte. Moreover, the P 2p signal observed at a
binding energy of 133.31 eV originates from HEMPA
dissolved in the solution.

The morphology of calcium sulfate dihydrate crystals
synthesized in the absence and presence of HEMPA was
analysed by SEM (Fig. 7). At pH ~ 4, it is evident that without
HEMPA, large, thin and elongated crystals were formed
(Fig. 7a), which were almost similar to the solids filtered
from the additive-free system at pH ~ 7 (Fig. S31). However,
10 ppm HEMPA made the gypsum crystals slightly smaller
and in some cases thicker (Fig. 7b). Significant changes in
the morphology of gypsum crystals were observed when 30
ppm, 50 ppm or 70 ppm HEMPA was dissolved in the
solution. It is evident that the solids formed in the 30 ppm
containing solution were much shorter and thicker than the
pure ones (Fig. 7c). In addition, increasing the concentration
of HEMPA to 50 ppm resulted in the formation of smaller
crystals with irregular shapes (Fig. 7d). Moreover, at 70 ppm
HEMPA, very tiny solids were obtained (Fig. 7e).

At pH ~ 7, where the gypsum crystallization just occurred
in the 10 ppm HEMPA containing solution, the obtained
solids were remarkably smaller than those gathered from the
electrolyte containing the same concentration of the additive
(at pH ~ 4) (Fig. 7f).

Here, it is noteworthy that the tips of solids filtered from
the additive-free solution were almost flat (Fig. 8a) but the
presence of 30 ppm HEMPA (at pH ~ 4) yielded crystals with
uneven tips (Fig. 8b). The observed morphological changes
were further evaluated by XRD measurements (Fig. 9). It is
obvious from the XRD patterns that the (020) to (021) peak
intensity ratio in the 30 ppm HEMPA containing solution at
pH ~ 4 was ~0.69 compared to ~2.6 calculated for the pure
gypsum crystals.

The morphology, size and chemical composition of
gypsum crystals synthesized without and with 30 ppm

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 SEM images of gypsum final products obtained from (a) additive-free at pH ~ 4; (b) 10 ppm HEMPA at pH ~ 4; (c) 30 ppm HEMPA at pH ~
4; (d) 50 ppm HEMPA at pH ~ 4; (e) 70 ppm HEMPA at pH ~ 4; (f) 10 ppm HEMPA at pH ~ 7 solutions.

Fig. 8 The tips of gypsum end-products vacuum-filtered from (a) the additive-free; (b) 30 ppm HEMPA solutions (at pH ~ 4).

This journal is © The Royal Society of Chemistry 2023 CrystEngComm, 2023, 25, 935-944 | 939
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Fig. 9 The variations in the (020) to (021) peak intensity ratio of
gypsum crystals produced (a) without and (b) with 30 ppm HEMPA

(both at pH ~ 4).

HEMPA were further evaluated by TEM imaging and EDS
spectroscopy. According to the results, the crystals
precipitated from the additive-free solution had an elongated
morphology typical of gypsum (Fig. S4af). In contrast, the
crystals formed in the presence of 30 ppm HEMPA (at pH ~
4) were shorter and thicker (Fig. S4bf). In addition, both

CrystEngComm

bright-field and dark-field images reveal that the
microtommed gypsum crystals produced in the absence and
presence of 30 ppm HEMPA (at pH ~ 4) were not
homogeneous  (Fig. S5f). Moreover, the elemental
composition analyses revealed the presence of Na and Cl
elements in the crystal formed without and with HEMPA
whilst P was just detected within the analyzed -crystal
obtained from the 30 ppm HEMPA containing solution at pH
~ 4 (Fig. 10).

4. Discussion
4.1. The role of additives and electrolyte

It is well-documented that the molecular geometry including
the backbone chain length, the molecular weight, and the
types and number of functional groups together with
solution supersaturation and pH are the main factors
affecting the efficiency of industrial antiscalants.*'™® In
addition, there are various mechanisms by which an additive
can hinder the crystallization of mineral scales. Some of
them are discussed below in relation to our data.

4.1.1. Chelation/solution pH. An antiscalant inhibits a
crystallization process by sequestrating the crystal forming
ions present in the solution (e.g., Ca** in terms of gypsum).**
This highlights the critical role of the antiscalant
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Fig. 10 EDS analysis related to a microtommed gypsum crystal formed in the (a) absence; (b) presence of 30 ppm HEMPA at pH ~ 4.
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concentration in the solution. In addition, increasing the pH
of the solution deprotonates the dissolved antiscalant and
enhances its potential to form strong complexes with the
scale forming cations in the electrolyte.*>*® Therefore, the
molecular structure of the antiscalant including the number
of functional groups should also be considered.’” For
example, it has been reported that an antiscalant with five
phosphonate functional groups is more effective that a
tetraphosphonate inhibitor  in inhibiting  calcite
mineralization.*®

Our results revealed that both increasing the HEMPA
concentration and the pH of the electrolyte delayed the
gypsum crystallization process (Fig. 2 and 3). At pH ~ 4,
where HEMPA with two phosphonate groups and one
hydroxyl functional group was slightly deprotonated,
increasing the concentration of HEMPA from 10 ppm to 70
ppm enhanced the amount of additive molecules available to
complex with Ca®>" ions in the solution. This resulted in a
decrease in the gypsum crystallization kinetics. This notable
effect was also observed in the presence of 50 ppm or 70
ppm HEMPA where a low amount of gypsum crystals formed
and the turbidity plots did not reach 100%. A decrease in the
turbidity of barium sulfate in the presence of nitrilotriacetic
acid was also noted.*® It should also be remarked that the
turbidity plots reported in the presence of 10 ppm or 30 ppm
HEMPA (at pH ~ 4) showed development trends similar to
those obtained with carboxylic acids*® or alkaline earth
cations.*!

On the other hand, increasing the solution pH to ~7
further deprotonated HEMPA and enhanced its antiscaling
performance (Fig. 3). This is because, at a high pH value of
~7, deprotonated HEMPA molecules strongly chelated with
Ca** which reduced the activity of Ca** ion and CaS0O,° ion
pairs in the solution.

The observed decrease in the consumption of Ca®>" during
gypsum formation due to an increase in the concentration of
HEMPA and the solution pH further revealed the necessity of
controlling these two parameters in mitigating gypsum
scaling (Table 1). This is in agreement with other findings
where variations in the concentration of antiscalants such as
phosphates”® and polycarboxylates® together with the
solution pH*® affected the precipitation of gypsum crystals.

4.1.2. Surface adsorption/structural incorporation. It has
been demonstrated that some additives adsorb on a growing
crystal by making strong bonds with the cations present on
special surface planes.” For example, it has been verified
that bisphosphonates such as zoledronate which have a high
affinity for Ca** ions adsorb onto the (001) planes of a
growing calcium phosphate crystal.*> The adsorption of
HEDP as an amino bisphosphonate compound onto
hydroxyapatite and its crystal growth inhibition effects have
also been reported.*® In addition, deprotonated additives can
totally block the crystal growth process by binding onto the
steps and kink sites of a growing crystal and covering a few
percent of the mineral surface.”” During this process, the
adsorbed molecules might become trapped in the fast

This journal is © The Royal Society of Chemistry 2023
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growing minerals.”® The adsorption of fluorescent-tagged
HEDP on the kink sites of gypsum crystals was observed
using a fluorescent microscope.”® Moreover, the additives can
adsorb on the forming nuclei and prevent them from
reaching the critical size. Hence, the nuclei get dissolved and
the inhibitor molecules will have opportunities to adsorb on
other nuclei.”*

In the 10 ppm HEMPA containing solution (at pH ~ 4),
there was not a sufficient amount of deprotonated HEMPA
molecules to adsorb on all the forming nuclei and prevent
them from growing. Hence, a considerable amount of
gypsum crystals quickly precipitated during which the
HEMPA molecules became trapped in the solids. This caused
a decrease in the concentration of HEMPA in the solution
(Fig. 4). It is also worth mentioning that in this system, due
to the low concentration of HEMPA with respect to the high
amount of gypsum crystals formed in the solution, no P was
detected by XPS analysis (Table 2). In the case of the 30 ppm
HEMPA containing solution, although the concentration of
the tested additive was relatively high to delay the
crystallization process via the chelation effect, there were not
enough HEMPA molecules in the solution to adsorb onto the
forming nuclei and fully inhibit gypsum formation.
Therefore, after a while (induction time), gypsum crystals
formed in the solution and the turbidity graph developed to
reach 100%. During this phenomenon, the HEMPA molecules
adsorbed onto and incorporated into the growing crystals
which resulted in a decrease in the tested additive
concentration in the electrolyte (Fig. 4 and 6; Table 2).

The bright field and dark field TEM images (Fig. S57)
further show that the gypsum crystals formed without and
with 30 ppm HEMPA were inhomogeneous. Although the
reason for the observed inhomogeneity is not clear and needs
further investigation, it might be due to the incorporation of
Na, Cl and/or HEMPA molecules into the synthesized crystals.
Moreover, the detected P peak in Fig. 10 confirms the
association of HEMPA with the precipitated solids. Similarly,
the incorporation of alendronate as a bisphosphonate into
hydroxyapatite crystals up to 7 wt% has been illustrated.”®
The association of other elements such as cadmium,’” or
arsenic®® with gypsum has also been observed.

It should also be considered that in the presence of 50
ppm or 70 ppm HEMPA, a high amount of additive molecules
was available to adsorb onto the forming nuclei and prevent
them from growing. Therefore, the turbidity did not reach
100% (Fig. 2 and Table 2).

At pH ~ 7, HEMPA was highly deprotonated but its
concentration in the 10 ppm HEMPA containing system was
still not enough to adsorb on all the emerging nuclei and
therefore fully stop the crystallization process. Thus, after the
induction time, gypsum crystals nucleated and grew which
was accompanied by a gradual decrease in the concentration
of HEMPA in the solution (Fig. 5). In this system, when the
turbidity reached 55%, the amount of deprotonated HEMPA
decreased to about 5 ppm so that the gypsum crystals could
easily form and the turbidity abruptly reached 100%.

CrystEngComm, 2023, 25, 935-944 | 941
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Meanwhile, the HEMPA concentration further decreased until
it dropped to 0.5 ppm after 240 min (Table 1). Indeed, in this
system the decrease in the HEMPA concentration over time
clearly illustrates the association (i.e., surface adsorption and
structural incorporation) of HEMPA with gypsum crystals
(Table 2). In terms of the other tested concentrations (at pH
~ 7), the deprotonated additive molecules significantly
adsorbed on the forming nuclei and did not allow them to
reach the critical size. Hence, no induction time was
measured.

In other literature reports, a sharp increase in the
turbidity development plots when polyphosphonate®® or
polycarboxylate® antiscalants were utilized to inhibit gypsum
precipitation has been observed.

Here it is worth noting that the association of an
antiscalant with a gypsum mineral occurs through the
formation of some calcium-additive compounds such as
calcium phosphate.’>>® Due to their high hydration energy,
calcium ions in the gypsum structure are covered by water
molecules, hence, the additive molecules adsorb onto
gypsum crystals via a chemisorption mechanism called
“ligand-exchange” adsorption.”> During this irreversible
phenomenon the hydroxyl groups linked to the structural
calcium ions of gypsum are replaced by the additive
functional groups.”” A similar mechanism has been reported
for the adsorption of phosphonates on growing calcite
crystals.”®

4.2. Morphological modification

It is well-known that the adsorption of some additives onto
forming crystals inhibits them from growing along a
particular direction.”® For example, polymeric additives
usually adsorb onto the tips of gypsum crystals and stop the
crystal growth along the ¢ direction.”® In another research,
Boanini et al., demonstrated that zoledronate can modify the
morphology of a hydroxyapatite crystal.>

In the absence of HEMPA, the vacuum-filtered solids had
a thin, broad and elongated morphology which was due to
the high supersaturation of the solution. This morphology is
different from the needle one previously obtained at a lower
supersaturation.’” The significant effect of solution
supersaturation on the morphology of gypsum crystals has
been emphasized by others.*

At pH ~ 4, the deprotonation degree of HEMPA was low.
Hence, in the 10 ppm HEMPA containing solution, there were
not enough deprotonated molecules to associate with the fast
growing crystals and prevent them from growing. Therefore,
in comparison with the thin gypsum crystals with even tips,
the presence of 10 ppm HEMPA slightly thickened the final
solids (Fig. 7a and b). However, the crystals produced in the
presence of 30 ppm HEMPA were shorter and thicker with
uneven tips where macro-steps were apparent (Fig. 8). This is
because in the 30 ppm containing solution, a relatively high
amount of additive molecules was present which adsorbed
on the forming solids and changed their morphology (Fig. 7¢
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and S471). A similar phenomenon was observed when some
acrylic polymers adsorbed on growing gypsum crystals and
yielded final solids with uneven tips.®*

When the concentration of HEMPA was further increased
to 50 ppm or 70 ppm, there was a high amount of additive
molecules in the solution to associate with the forming
crystals. Therefore, the final solids had irregular shapes and
were almost tiny (Fig. 7d and e).

At pH ~ 7, where gypsum crystals just precipitated in the
10 ppm HEMPA amended solution, most of the filtered
gypsum crystals just precipitated after 150 min (ie., when
HEMPA was almost depleted from the solution). Hence, the
final gypsum crystals had about 90 min to nucleate and grow.
Thus, the final products were very tiny (Fig. 7f). The
variations in the XRD peak intensity ratio due to the
morphological changes further confirm the morphological
changes and the suggested mechanisms (Fig. 9). Similarly,
the adsorption of carboxylic acid as an additive onto
bassanite (another calcium sulfate phase; CaSO,-1/2H,0) has
been demonstrated.®

5. Conclusion

In this research, the effects of HEMPA as an industrial
antiscalant on the formation of gypsum crystals were
quantitatively documented. Based on the results, the
concentration of the additive and the solution pH affected
the gypsum formation kinetics and hence should be
considered as two main parameters by controlling which
gypsum scaling can be mitigated. Furthermore, by increasing
the amount of additive molecules in the solution and their
deprotonation degree, HEMPA could form strong complexes
with the crystal forming cations in the solution and prevent
them from being used during gypsum crystallization. In
addition, HEMPA adsorbed on crystals and incorporated into
them, which modified the morphology of gypsum crystals
from big and thin needles synthesized in the blank system to
tiny particles produced with 70 ppm HEMPA (at pH ~ 4). It
should also be highlighted that HEMPA has the potential to
be used as a gypsum antiscalant but this additive should be
added to the system at particularly high concentrations (e.g,
more than 10 ppm at pH ~ 7), otherwise gypsum crystals will
nucleate and grow which will be accompanied by a decrease
in the concentration of the antiscalant in the solution. If the
concentration of the dissolved antiscalant falls below a
certain amount (e.g. 5 ppm in the case of HEMPA at pH ~ 7),
then new gypsum crystals will quickly form which will clog
the pipelines and membranes used in different industries.
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