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Abstract: The effects that 20 ppm poly(epoxysuccinic acid) (PESA), poly(aspartic acid)
(PASP) and two poly(acrylic acid) (PAA) compounds with molecular weights of ~ 2000 and
~100000, have on the crystallization of gypsum were evaluated at 21 °C by in situ UV-Vis
spectrophotometry. XRD and SEM were utilized for phase and morphological studies, while
the way these additives are associated with the final gypsum crystals was evaluated by XPS.

The comparison showed that PASP performed far better than the other antiscalants as it

1


mailto:Benning@gfz-potsdam.de

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

completely inhibited the formation of gypsum. In contrary, the presence of the low molecular
weight PAA decreased the rate of crystallization far more than the larger molecular weight
PAA. When the pH in the reacting solution was switched from ~ 4 to ~ 7, the efficiency of
the low molecular weight PAA in inhibiting gypsum formation increased, while in the

presence of the higher molecular weight PAA the opposite effect was observed.

1. Introduction

In many industrial processes that rely on water handling systems (e.g., oil and gas production,
water desalination, water treatment, cooling systems, etc.), the formation of mineral scales in
pipes, filters and heat exchangers has detrimental consequences to process efficiency.! These
include flow reduction, notable depression in the heat transfer efficiency and clogging of
pipes, valves and other equipment, as well as other side effects such as corrosion which all
result in efficiency losses.2®> Common scale deposits are calcium carbonate,* silica,® barium
sulfate,® and calcium sulfate’” known as sparingly soluble crystals. In a large number of
water handling processes, calcium sulfate scales form preferentially and they are more stable
than other scale types because their formation is pH independent (i.e., they can precipitate at
pH as low as 2)® and this leads to serious problems in many industrial water processing
activities.® Cleaning or removing mineral scales is costly and they affect the efficiency and
lifetime of processing technologies.!® It is, therefore, preferable to prevent scale formation
rather than remove scale products. In the calcium sulfate system, three phases with various
degrees of hydration exist: the dihydrate gypsum (CaSO4-2H,0), the hemihydrate bassanite
(CaS04-0.5H,0), and the anhydrous anhydrite (CaSO.).1t As with many other sparingly
soluble salts, temperature, supersaturation and the presence of impurities, affect the formation

and solubility of the different polymorphs.!2
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Various methods to inhibit, reduce or prevent the formation of calcium sulfate scales
have been proposed. Among them, the addition of inhibitors or antiscalants is the most
economical and is more efficient than acid washing or mechanical cleaning.** Antiscalants
are generally divided into nonpolymeric (e.g., hexametaphosphates, phosphonates)!® and
polymeric (e.g., polycarboxylates)*®, and their application and effects on mineral scaling have
been extensively studied.? It has been suggested that antiscalants can prevent scale formation
by different ways, such as through sequestration or chelation of the ions in solution that are
required for mineral precipitation, increasing the interfacial tension between nuclei and the
solution, dispersing scale mineral crystallites, and / or adsorbing to the growing scale mineral
surfaces.* However, a molecular level understanding of the mechanisms by which
antiscalants prevent mineral scaling is still lacking.

In addition, the post-reaction disposal of such industrial inhibitors leads to pollution
of the environment. 1"1° For example, when such P and N containing compounds reach water
ways, they play a key role in eutrophication which can cause major ecological damage.®
Therefore, the concept of “Green Chemistry” was proposed and scale inhibitors that are not
detrimental to our environment have become a recent focus for inhibiting industrial scale
formation.?0:2

Among green inhibitors, poly(epoxysuccinic acid) (PESA) and poly(aspartic acid)
(PASP) are the most common and promising environmentally friendly polycarboxylate
antiscalants. They are both highly biodegradable and non-toxic,?? two of the main criteria of a
“green” inhibitor. PESA and PASP have both been extensively used in various industrial
applications such as water treatment.” However, to date, studies that evaluate the effects of
different poly(carboxylic acid) inhibitors on gypsum precipitation have primarily focused on
changes in precipitation onset, or the effect of high temperatures.?*?’ Therefore, a

mechanistic understanding of the effects that different poly(carboxylic acids), particularly the
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green ones, have on gypsum formation is still lacking. How these inhibitors operate, and how
they can be optimized to inhibit scale formation, are poorly understood. Indeed, in some
cases, it is still unclear whether the commonly used conventional less-biodegradable
polycarboxylic inhibitors (e.g., polyacrylic acid) can be replaced by greener equivalents (e.g.,
PESA and PASP).

To address these gaps in our knowledge, we present here results from a study on the
effects of three common industrial poly(carboxylic acids) on the formation kinetics and phase
morphologies of gypsum. We tested two green inhibitors (PESA and PASP) and two
polyacrylic acids with different molecular weights (PAA; as common less-green inhibitors)
and derived a mechanistic understanding of the inhibition processes. We document important
differences in the crystallization trends in the presence of the different inhibitors, and
demonstrate that the additives adsorbed onto the surface of the newly forming gypsum
crystals, and changed the shapes and sizes of the resulting crystals. We also demonstrate the
significant impact of the molecular weight of polymeric antiscalants on gypsum inhibition
efficiencies and illustrate the potential of PESA and PASP as a suitable replacement for the

environmentally unfriendly PAA antiscalant to prevent gypsum formation.

2. Experimental methods

Gypsum crystallization solutions were produced by mixing equal volumes of a 200 mM
CaCl2-2H20 solution (100 % AnalaR Normapour VWR) and a 200 mM Na>SO4 solution
(100 % AnalaR Normapour VWR) in a 1 L reactor at room temperature (21 °C) and under
constant and continuous stirring. After Mixing, an additive-free gypsum crystallization
solution with a supersaturation index of 0.84 calculated with the geochemical computer code

PhreeqC 3.3.3was obtained?.
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Polyepoxysuccinic acid sodium salt (40 wt.% in H>O) with My ~ 400-1500 Da
(PESA<15k), polyaspartic acid sodium salt (40 wt.% in H>O) with My ~ 1000-5000 Da
(PASP<sk), provided by Shandong Taihe Water Treatment Technologies Company, and two
polyacrylic acids (Sigma-Aldrich) with My ~ 2000 Da (PAA2k; 63 wt.% in H20) and ~
100000 Da (PAA100k; 35 wt.% in H20) were added to the initial sodium sulfate solution at a
concentration of 40 ppm. This was done prior to mixing of this stock solution with the
calcium chloride stock solution. Therefore, once mixed the solutions contained 100 mM Ca?*,
100 mM SO4% and 20 ppm additive. In all experiments, the pH of the mixed solutions was
adjusted to ~ 4 or ~ 7, with NaOH and / or HCI.

Changes in the mixed solutions were monitored by measuring the increase in
absorbance using a UV-Vis spectrophotometer (Uvikon XL) at A = 520 nm with the angle
between the incident beam and detector of 180°. The reactions were followed at room
temperature for up to 300 minutes by measuring the absorbance of 3 mL aliquots taken from
the mixed solutions. Each experimental set was carried out in triplicate. The absorbance data
is plotted as the normalized change in solution turbidity over time.

At the end of each experiment, the solutions were quench-filtered (0.2 um) under
vacuum and the solids retrieved. In all experiments, regardless if additives were present or
not, the solid end-products were always gypsum as determined by powder X-ray diffraction
(XRD; Bruker D8 diffractometer; CuKal; 260 range 5 - 35°; resolution 0.105° / step; counting
time 1 s/ step) with XRD patterns analyzed with the EVA software (version 3) and the PDF-
2-1996 database. The morphology of the formed gypsum crystals was imaged using a field
emission gun scanning electron microscope (FEG-SEM, FEI Quanta 650, 5 kV). The sizes
and shapes of the resulting crystals were evaluated using the ImageJ v. 1.49 software.?®

Finally, to determine the nature of the surface interactions between the inhibitors and

the gypsum end-products, we employed X-ray photoelectron spectroscopy (XPS) with a
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detection limit of 0.1 at. % (which is roughly 1ppth or 10'° atoms/cm?®). XPS spectra were
acquired from the top 8-10 nm of gypsum crystals using a Kratos Axis Ultra-DLD
spectrometer with a monochromatic Al K, X-ray source (144 W) and analyzer pass energies
of 40 eV (high resolution scans). The base pressure during analysis was ca. 6 x 10”7 Pa. All
data were referenced to the C (1s) signal at 284.8 eV and quantified using CasaXPS™

(Version 2.3.15) using elemental sensitivity factors supplied by the manufacturer.

3. Results

In the additive-free experiments at both pH values tested (~ 4 or ~ 7), the solutions became
turbid after ~ 30 seconds (called induction time). Following crystallization induction, it took
~ 30 minutes for the solutions to reach 100 % turbidity (Figure 1, black data points).
However, the addition of the inhibitors at pH ~ 7 affected the induction times and the time to
reach a maximum turbidity plateau. In the presence of PESA«isk, the induction time
increased ~ 3 fold (to ~ 90 seconds) and it took ~ 90 minutes to reach 100 % turbidity (Figure
1, red data points). In contrast, the presence of PAA1ook actually accelerated the onset of
turbidity, with the first turbidity appearing after ~ 10 seconds. However, after this initial
onset only a small increase in total turbidity (~ 5 %) was reached, and subsequently the
turbidity remained supressed up to ~ 40 minutes. Only in a second stage did the turbidity start
to increase sharply again reaching 100 % within the following ~ 30 minutes. The slope of the
turbidity increase in this stage was similar to the slope of the turbidity development in the
additive-free solution (Figure 1, blue data points). In the presence of the lower molecular
weight additive, PAA2«, a dramatic increase in the induction time (~ 80 fold, to ~ 40
minutes) was observed and the slope of the turbidity curve also decreased. The turbidity

continued to only gradually increase and it only reached ~ 20 % of the maximum possible
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turbidity even after 300 minutes (Figure 1, olive data points). However, the most noticeable
effect was observed in the presence of PASP<sk, where no change in turbidity were measured
even after 300 minutes (Figure 1, lavender data points). The overall order for inhibition

effectiveness was therefore PESA<15k < PAA 100k < PAA2k < PASP<sk.
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Figure 1. The effect of adding 20 ppm PESA<1.5x, PAA100k, PAA2k or PASP<sk at pH ~ 7
on the development of solution turbidity compared to the additive-free gypsum

crystallization.

The effects of PAA1ook and PAA2k on the onset and the development of turbidity also
exhibited a pH-dependence (Figure 2). At pH ~ 4, with PAA 100k, the onset of turbidity was
almost the same as that in the additive-free system (~ 30 seconds). However, the subsequent
development of the turbidity was slower and followed a different trend than the additive-free

and PAA100k at pH ~ 7 systems (Figure 2, black vs. blue vs. orange data points). Specifically,
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at pH ~ 4 the turbidity remained at a constant ~ 2 % for ~ 50 minutes, and for the next ~ 80
minutes the turbidity only increased slowly and exponentially until reaching ~ 50 %. After
this point (~ 130 minutes), the turbidity abruptly increased and reached a plateau within the
next ~ 10 minutes (~ 140 minutes after onset) with a slope similar to the slope of the turbidity
development in the additive-free system. This clearly documents that PAA1ok iS a more
effective inhibitor at pH ~ 4 than ~ 7. On the other hand, for PAA2x at pH ~ 4 the first
change in turbidity was measured after ~ 25 minutes (in contrary to the induction time of ~ 40
minutes at pH ~ 7) and for the next ~ 210 minutes the turbidity increased exponentially until
reaching ~ 60 %. In a final stage, the turbidity then sharply increased and levelled off after ~
255 minutes with a slope similar to the slope of the turbidity development in the additive-free
system (Figure 2, magenta data points). These results indicate that PAA2k is a more effective

inhibitor at pH ~ 7.
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Figure 2. The effect of 20 ppm PAA2«x and PAA 100k 0n the development of turbidity at pH ~
4 and ~ 7. Note that in the additive-free system the turbidity development was equally fast at

pH ~ 4 or ~ 7 and thus both are represented by the black squares.

To obtain further insights into the role of the additives in inhibiting gypsum crystallization,
the atomic composition of the topmost surface layers of the gypsum crystals precipitated in
the absence and presence of the additives were characterized by XPS (Table 1). In this table
Ca2p, S2p and O1s represent the atomic percent of these elements in the synthesized gypsum
structure. The observed Nals was due to the presence of Na* in the crystallization solution,
whilst C1s originates from the adventitious carbon and / or adsorbed carboxylate functional

groups related to the tested antiscalants.

Table 1. Surface composition of the precipitated gypsum crystals as analyzed by XPS (at.

%); note that no gypsum crystals precipitated from solutions containing 20 ppm PASP<sk at

pH~ 7.
O1s C1s Ca?2p S2p Na 1s
Additive-free 58.6 14.7 12.8 13.7 0.2
PESA<1sk-pH ~ 7 61.1 14.9 11.7 121 0.2
PAA2k-pH ~ 4 53.9 23.8 10.8 11.3 0.2
PAAx-pH ~7 52.5 25.7 111 10.5 0.2
PAA100k-pH ~ 4 57.9 16.6 12.4 12.9 0.2
PAA100k-pH ~ 7 58.2 15.1 12.8 13.7 0.2

In addition, the C1s envelope was decomposed into three distinct peaks of C-C, C-O-C and
O-C=0 groups. Table 2 presents the peak areas of C-C, C-O-C and O-C=0 functional

groups, which contributed to the total C1s peak area. Besides the absolute peak area values,
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the variations in the peak area of O-C=0 functional groups adsorbed on gypsum crystals
with respect to the changes in the peak area of C-C, were also expressed as O-C=0 / C-C
peak area ratios (R(o-c=o0/c-c)). As an example, the C1s XPS spectra for the additive-free and
PAAk adsorbed gypsum crystals produced at pH ~ 7 are shown in Figure 3. The results in
this figure reveal that in the additive-free sample two main functional groups C-C at 284.7
eV and C-O-C at 286.3 eV, with only a trace amount of O—C=0 at 288.93 eV, are present. In
contrast, in the PAA2x amended sample, although the same two functional groups C-C at
284.6 eV and C-O-C at 285.5 eV were observed, we also observed clear O—-C=0 moieties at

288.3 eV.
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Figure 3. XPS spectra of Cls related to the end-product (after 300 min) gypsum crystals

from (a) additive-free; (b) 20 ppm PAAxx experiments at pH ~ 7; the individual
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lines.

Table 2. Peak areas of C-C, C-O-C and O-C=0 functional groups that contributed to the
total Cls peak area in the XPS spectra on the precipitated gypsum crystals; note that no

gypsum crystals precipitated from solutions containing 20 ppm PASP<sk at pH ~ 7.

C-C C-0-C O-C=0 R(-c=0/c<c)

Additive-free 79.77
PESA<isk-pH~7 72.75
PAA2k-pH~4  66.48
PAAx-pH~7 454
PAAwok-pH~4 7271

PAA1ok-pH~7 80.9

12.16

18.75

15.49

36.47

13.22

10.4

8.08

8.51

18.03

18.33

14.07

8.69

0.10

0.11

0.27

0.40

0.19

0.13

It is also worth noting that in Figure 4 the Ca 2p peaks corresponding to calcium ions in the

gypsum structure from the additive-free and PAA2>x amended experiments appeared at

347.45 eV and 346.65 eV, respectively.

11
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Figure 4. XPS spectra of Ca related to the gypsum end-product (after 300 min) from (a)

additive-free; (b) 20 ppm PAA2k experiments at pH ~ 7.

Morphological changes in the formed gypsum crystals in all experiments were characterized
by SEM (Figure 5). The gypsum crystals that formed in the additive-free system and in the
presence of 20 ppm PESA«isk and PAA1ook at pH ~ 7 were mostly large and thin twin
crystals (Figure 5 a, b and d). In contrast, adding 20 ppm of PAA100k at pH ~ 4 modified the
morphology of the gypsum crystals into relatively thick and twinned particles (Figure 5 c).
The most profound effect on gypsum morphology and size was observed when PAA2k was
used as an inhibitor. At pH ~ 4, small irregular gypsum crystals together with some blocky
particles of sizes ranging between 2-10 um were precipitated (Figure 5 e), and in stark
contrast at pH ~ 7, loose, tiny crystals with a size range of 20 nm to 5 um were observed

(Figure 5 ).

12
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Figure 5. SEM micrographs of gypsum crystals collected after 300 minutes in experiments
that were (a) additive-free at pH ~ 7; (b) 20 ppm PESA<15« at pH ~ 7; (c) 20 ppm PAA 100k at
pH ~ 4; (d) 20 ppm PAA 100k at pH ~ 7; (e) 20 ppm PAA2k at pH ~ 4; (f) 20 ppm PAAk at
pH ~ 7; note that no gypsum crystals precipitated from solutions containing 20 ppm PASP<sk

at pH ~ 7 (see Figure 1).
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4. Discussion

Measuring turbidity and estimating induction times in the absence and presence of additives
is one of the most common methods of evaluating the efficiency of antiscalants in delaying
the nucleation and growth of sparingly soluble scale minerals and classifying them as
“nucleating” and / or “growth” inhibitors.> Our turbidity measurements (Figure 1) revealed
that at equal concentrations of 20 ppm and up to 300 minutes of reaction, among the four
polymers tested, PASP<sk fully inhibited gypsum formation (no turbidity occurred). Thus,
PASP<sk is inherently a better gypsum crystallization inhibitor and can be considered a
nucleating inhibitor. Whilst, in the presence of PESA and the two PAA additives, gypsum
crystals nucleated and grew with different growth rates which was reflected in the slope of
the turbidity graphs. Hence, PESA<«isk and PAA are classified as growth inhibitors.
However, this classification is not absolute and depends on the concentration of the inhibitors
or the experimental conditions (e.g., temperature).

Furthermore, in this study (Figure 1 and 2) we have observed the development of
turbidity curves that dramatically differ to those in our previous studies where we used
carboxylic acid or inorganic inhibitors as additives.®®3! The observed change in turbidity
development likely stems from the differences in the nature of the additives and the
mechanisms by which they affected the gypsum crystallization process. Parameters that can
affect these inhibition reactions are naturally linked to the inhibition mechanism (e.g., surface
adsorption), the factors governing the effectiveness of the polymeric additives (e.g., type and
conformation of active functional groups, the molecular structure, and molecular weight of
the polyelectrolytes), and the pH of the reacting solutions.

We have previously shown that pH is a main factor controlling the effectiveness of

polycarboxylic additives in inhibiting gypsum crystallization because the speciation of the

14
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carboxylic groups is highly pH dependent.?® Considering the pK values for the tested
additives (PASPs«: pK 3.25, 4.25:2 PESA«sk: pK 4.68, 4.92;3 PAA: pK 4.9 3 at higher pH
(e.g., ~ 7), a greater number of deprotonated carboxylic groups are available in the solution to
inhibit gypsum formation. Although sequestration or chelation of cations by COO" functional
groups has been suggested elsewhere,*>% we assert that due to the very low concentration of
the antiscalants tested in this research, the inhibition process mainly occurred through
surface adsorption. 3’

Besides deprotonation, the solution pH also affects the conformation of polymeric
additives (see schematic illustration in Figure 6). For example, PAA is a weak polyelectrolyte
and its structure is pH-responsive and undergoes pH dependent conformational changes.
Upon addition of PAA to a crystallization solution, due to extensive intermolecular hydrogen
bonding, an acidic solution of polymers with a highly coiled structure is produced. With
increasing pH, the carboxylic groups are deprotonated and a high amount of negative charge
densities are produced, and the polymer chains become extended as a result of electrostatic
repulsion.®® These extended polymer chains are better able to complex with Ca?* in solution
or on the crystal surfaces (stronger surface adsorption). In our current study, when PAA2k is
used, an increase in pH from ~ 4 to ~ 7 led to the extended monomers being uniformly
distributed in solution and this dramatically inhibited gypsum formation (Figure 2). Indeed,
this feature of PAA has been successfully exploited to disperse nanoparticles (e.g., carbon
nanotube) at high pH.*°

In contrast, for the higher molecular weight compound, PAA100k, increasing the pH
from ~ 4 to ~ 7 led to a faster gypsum formation reaction and less inhibition (Figure 2). This
highlights the role of molecular weight of the polymers (which governs the number and
conformation of the carboxylic groups) in determining the effectiveness of the inhibitors as

well. We assert that at pH ~ 7, upon mixing the sulfate solution containing PAA100k With the
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calcium solution, due to very high molecular weight and short distances between the
monomers, available Ca?* ions cross-linked the extended PAA1oox polymer chains to each
other and built a “net-like” structure which decreased the efficiency of the inhibitor. This
made the solution immediately turbid (see ~ 5 % turbidity; blue points in Figure 2) and
prevented the polymer adsorbing to the nucleating and growing crystals. As a result, by
losing the efficiency of the inhibitor, gypsum crystals could easily nucleate and grow (due to
the excess of sulfate and Ca?* ions not affected by the forming “net-structure”). However, at
pH ~ 4, PAA100k Was slightly deprotonated and is present as an almost coiled configuration,
therefore Ca?* ions could partially build a “net-structure” (see ~ 2 % turbidity; orange points
in Figure 2) and thus most of the coiled PAA100k could adsorb onto the nucleating and
growing gypsum crystals. Therefore, PAA1ook Yielded higher inhibitory effect at pH ~ 4 than
pH ~ 7. Indeed, the role of Ca?" in cross-linking PAA polymers and alginates and forming a

net-like structure (hydrogels) has been reported also for calcium carbonates.*%4!

(a) (b)

Figure 6. Schematic illustration of the effect of pH on the conformation of PAA100k; ()

PAA100k molecules at pH ~ 4 are only minimally deprotonated and randomly coiled; (b) at

pH ~ 7 despite being deprotonated and in their extended conformation, PAA 100k molecules
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form a “net-structure” in the presence of Ca?*; this prevents further Ca** complexation and

attachment of the PAA100x molecules to the crystal surfaces.

Comparing the efficiency of PAA10ok With PAA2k at constant pH of ~ 4, reveals the
effects that molecular size of a polymeric inhibitor have on its antiscaling efficiency. In this
research, PAA2k with small molecular chains desorbed too rapidly on gypsum crystals and
therefore was more effective, than PAA1ok which due to longer molecules could not
rearrange on the formed crystallite surfaces and wasted most of its mass in trailing ends and
loops (Figure 2). In other words, it might become more difficult for PAA1gok to stretch its
polymer chains into an extended configuration*? which is necessary to adsorb to the crystal
surface and thus inhibition of crystallization.?”*3

It is also worth mentioning that the abrupt increase in turbidity in the presence of
PAA2k at pH ~ 4 (Figure 2; turbidity of ~ 60 %; ~ 235 minutes) and PAA1ok at pH ~ 4
(Figure 2; turbidity of ~ 50 %; ~ 130 minutes) could be attributed to a depletion of the
inhibitors from the reacting solution due to surface adsorption during gypsum growth. That
means, as the turbidity increased in the mixing solution, nucleation and growth of new
particles occurred and the carboxylic functional groups strongly bonded onto the new
surfaces and therefore their concentration gradually decreased in solution. This continued
until at a certain point where bulk gypsum crystals easily nucleated and grew, as evidenced
by the abrupt increase in turbidity with a slope similar to the additive-free system (Figure 2).

This surface adsorption is irreversible because calcium ions in the gypsum structure
have a high hydration energy and are highly shielded by structural water molecules and / or
the surrounding solution.** On the other hand, gypsum has negative surface charge above pH
~ 2 and this implies that surface adsorption of the studied additives should not happen

easily.*® However, taken together these lines of evidence indicate that the carboxylic
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functional groups in our used additives did not adsorb onto the gypsum crystals via classical
electrostatic interaction (physisorption) but their adsorption occurred through chemisorption.
This likely occurred through a “ligand-exchange” mechanism (also known as “specific
adsorption” or “coordination adsorption”), during which the carboxylic functional groups
replaced the hydroxyl groups linked to the Ca?* ions.*® Similarly, the adsorption of anions
onto other hydrated minerals (e.g., a-alumina)*’ via ligand-exchange mechanism has been
documented.

Considering the mechanisms discussed above, PASP<sk inhibited gypsum formation
most effectively due to the presence of high numbers of deprotonated COO™ functional groups
in the PASP<sk monomer. This enabled PASP<sk to adsorb strongly onto gypsum crystals. In
addition, unlike PAA 100k, the tested PASP<sk had a molecular weight of ~ 1000-5000 Da,
therefore Ca?* ions did not cross-link the PASP<sk polymer chains and did not lead to the
formation of a “net-like” structure.

Our assertion that surface adsorption plays a major role is supported by our XPS
analysis which confirmed the surface adsorption of the additives. The variation in C1s
chemical states, especially comparing the O—C=0 binding energy, its peak area, and O-C=0
| C-C peak area ratio (Table 1; Table 2; Figure 3) with the additive-free gypsum crystals
helped us to assess the association between the polymers and the surface of gypsum
crystals.*®0 In the absence of additive, the atomic percent of the adventitious carbon
contamination® was ~ 14.7 at.%. This peak was composed of C-C, C-O-C and O-C=0
groups with peak areas of ~ 79.77 %, ~ 12.16 % and ~ 8.08 %, respectively. The Ro-c=0/c-c)
in the additive-free system was ~ 0.10. In the PESA<15k-pH ~ 7 system, a minor increase in
Cls at.% to ~ 14.9 (with O-C=0 peak area and R(o-c=o0 / cc) of ~ 8.51 % and 0.11,
respectively) was observed indicating a very low adsorption affinity of PESA<1s« onto the

gypsum crystals. This corroborates our turbidity measurements (Figures 1 and 2) and
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demonstrates that deprotonated PESA<«15k, even at pH ~ 7, was not sufficiently adsorbed onto
the gypsum crystals to inhibit the crystallization process. However, in the presence of PAA2k
at pH ~ 4 and ~ 7, the at.% of C1s increased to ~ 23.8 % and ~ 25.7 % with O-C=0 peak
area of ~ 18.03 % and ~ 18.33 % and the R(o-c=0/ c—c) of ~ 0.27 and ~ 0.40, respectively.
These data reveal the critical role of increasing pH in deprotonating PAA2k carboxylate
functional groups and consequently increasing the antiscaling efficiency of this additive by
enhancing its adsorption affinity on gypsum crystals (also see Figure 1 and 2). In addition,
our XPS analysis revealed that the adsorption of PAA2k at ~ 7 was accompanied by a ~ 0.5
eV decrease in O—-C=0 binding energy, which further confirms the surface adsorption of the
polymeric additives by bonding onto the gypsum crystals and is similar to that reported for
PAA coated hydroxyapatite powders,>? and PAA adsorption on alumina.>

The data in Tables 1 and 2 reveal that in the PAA 100k System, the at.% of C1s at pH ~
4 and ~ 7 was ~ 16.6 % and ~ 15.1 % (with O—C=0 peak area of ~ 14.07 % and ~ 8.69 %,
R(o-c=0/c-c) of ~ 0.19 and ~ 0.13, respectively). It can be seen that both O—C=0 peak area
and R(o-c=o/c-c)at pH ~ 4 and ~ 7 were lower than the corresponding values obtained for the
PAAk system. This illustrates the lower adsorption affinity of PAA100k On gypsum crystals
in comparison to PAA2k, which resulted in a fast increase in the turbidity of the
crystallization solutions when PAA 100k Was present in the system. In addition, the observed
decrease in at.% of C1s and the O-C=0 at.% when the pH increased from ~ 4 to ~ 7 was due
to the formation of a “net-like” structure at high pH, which decreased the amount of PAA 100«
available to be adsorbed on the gypsum crystals.

Here, it is worth noting that we also documented a ~ 0.6 eV decrease in Ca®* binding
energy in the PAA2x modified gypsum crystals when compared to the additive-free crystals
(Figure 4). This observation contradicts previously reported data where an increase in Ca2*

binding energy of bassanite and gypsum was observed and interpreted as a consequence of
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surface adsorption of citric acid > and polycarboxylate *°. Although the reason for this
discrepancy in Ca?" binding energy is not clear at this stage, it nevertheless documents a
change in the chemical environment of Ca?* in the formed gypsum crystals because of the
surface interactions with the PAA2k.

Finally, one striking observation is the effect that the inhibitors had on the
morphology and size of the precipitated gypsum crystals (Figure 5). We ascribe this to the
surface adsorption of polymers as has previously been demonstrated for other antiscalants
with high surface binding.?® The dominant morphology of the gypsum crystals (irregular,
large twins; Figure 5 a) in the additive-free system, was alike to many other previous
studies,®®®’ yet it was different to the needle-like morphology that we have reported in our
previous additive-free experiments.3*3! This change in shape could be because of the higher
supersaturation (0.84 vs. 0.55) and / or the larger volume of the crystallization solution (1 litre
vs. 2 ml) used in the current study,®® yet a full assessment of these two factors on gypsum
formation was outside the scope of this study. In the additive containing solutions,
PESA«sk did not cause any morphological changes, which was due to the low carboxyl
functional groups and lack of surface adsorption on the fast growing gypsum crystals (Figure
5 b). Interestingly, morphological changes as a result of adsorption of PESA on calcium
oxalate have been previously observed *° but for gypsum this effect was less prominent.

Both PAA100x and PAA2k when present in solution in a coiled conformation (pH ~ 4)
affected the morphology of the resulting crystals. However, because of higher steric
hindrance between coils, the larger molecular weight additive exhibited very limited
adsorption and this resulted in less surface modification (Figure 5 ¢) compared to the effects
observed at the same condition with PAA2k (Figure 5 e). At pH ~ 7, the “net-like-structure”
of PAA1ook decreased the availability of monomers for surface adsorption, and thus the

morphologies remained almost similar to those in the additive-free system (Figure 5 d). In
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contrast, at pH ~7, highly deprotonated PAA2k with a flat configuration was intensely
adsorbed and this led to growth inhibition and resultantly small crystals (Figure 5 f). Such
tiny crystals are less adhesive to a surface and can therefore be washed away more easily, and
thus PAA2k is a more effective inhibitor and a more effective crystal modifier for gypsum
crystallization than PAA10k. Similar gypsum morphology modification in the presence of
water soluble polymers (e.g., 5 ppm acrylic acid-allylpolyethoxy maleic carboxylate) have
been reported,®® while the adsorption of PAA on other minerals such as barium sulfate ®* and
calcium carbonate 2 have also led to crystal morphology changes.

For the observed morphologies we have schematically illustrated the effects of pH on PAA2«

conformation and its adsorption in Figure 7.
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Figure 7. A schematic showing the change in gypsum microstructure because of PAA2k
conformation and its deprotonation; (a) the PAA2x molecules are randomly coiled at pH ~ 4
and had limited adsorption on twin or needle like gypsum crystals; (b) deprotonated PAA 2k
molecules are in their extended conformation at pH ~ 7, deformed the gypsum crystals and

prevented growth leading to smaller and more isometric crystals (see also Figure 5 f).
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Although we showed that PESA<1sk was a less efficient inhibitor, we emphasize that this
could probably be due to the higher gypsum supersaturation in this research in comparison to
natural fluids where gypsum precipitates (e.g. sea water). However, the potential of both
PESA and PASP as promising gypsum antiscalants in industrial plants is well-known,® yet
we show here what the mechanism is. Furthermore, we also show the potential of green
polycarboxylic inhibitors as more effective and efficient additives and suggest that these
should replace the non-biodegradable polycarboxylic inhibitors. Our results also revealed the
importance of choosing the correct molecular weight antiscalant and the fact that if green
inhibitors like PESA and PASP are to be used in an industrial fluid handling system (where
gypsum mineral scaling is a problem) they can substantially retard nucleation and growth
even at low concentrations. This is not just because they retard nucleation and growth but
primarily due to the induced morphological effects. Therefore, the green inhibitors will

reduce clogging and surface adhesion to production materials.

5. Conclusion

In this study, we documented the effects that polycarboxylic antiscalants have on the
nucleation and growth kinetics of gypsum crystals at 21 °C and illustrated the potential of
biodegradable PASP and PESA to replace the non-biodegradable PAA additives. 20 ppm of
additives affected gypsum formation in the order PESA < PAA < PASP. Our data showed
that among the tested additives, PASP completely inhibited gypsum crystallization, while the
PAA with low molecular weight, PAA2k, increased the induction time and decreased the
crystallization kinetics far more than the PAA with the high molecular weight, PAA10ok. This
effect was also pH dependent; with increasing pH from ~ 4 to ~ 7 a positive effect in the

efficiency of the PAA2k was observed, while for PAA1ook the opposite was observed, likely
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due to the conformational changes in the PAA at near neutral pH. Combining our XPS and
turbidity results clearly showed that the depletion of additives in the crystallization solution is
a result of their surface adsorption, which in turn caused changes in the morphology of the

growing gypsum crystals.
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