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Abstract

The effects of 20 ppm 1-Hydroxy Ethylidene-1,1-Diphosphonic Acid (HEDP), Amino
Trimethylene Phosphonic Acid (ATMP), Polyamino Polyether Methylene Phosphonic Acid
(PAPEMP), Diethylene Triamine Penta (Methylene Phosphonic Acid) (DTPMPA) and
Bis(HexaMethylene Triamine Penta (Methylene Phosphonic Acid)) (BHMTPMPA) on the
room temperature crystallization of calcium sulfate dihydrate (gypsum) were investigated by
by in situ UV-Vis, XRD, XPS, ICP-OES, and SEM. Comparison between the additive-
containing and additive-free experiments showed that BHMTPMPA was the most efficient
antiscalant by completely inhibiting crystallization. Due to the chain length of the

BHMTPMPA molecule, the crystallization kinetics decreased to a larger extent than
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DTPMPA. The increase in pH of the solution from ~ 4 to ~ 7, positively enhanced the
efficiency of the phosphonates in inhibiting crystallization. Our results revealed that partially
deprotonated phosphonate additives were strongly associated with gypsum crystals and / or
potentially taken up into the crystal matrix resulted in a sudden and sharp increase in turbidity
plots. Furthermore, phosphonate additives altered the thin, twinned gypsum crystals into thick

needles.

Keywords: crystallization; calcium sulfate dihydrate; antiscalants; phosphonates; adsorption;

X-ray Photoelectron Spectroscopy.

1. Introduction

Mineral scale formation is a major problem in many industrial processes such as crude oil
. . . . . . 14
production, reverse osmosis desalination, cooling systems, papermaking, etc.'™ These
unfavourable minerals that usually deposit in pipes, membranes, heat exchangers, and mixing

tanks cause a considerable reduction in fluid flow and blockage of the pipelines, and other

equipment, together with other consequences like corrosion.’

There are various types of minerals that form scales. Among these, calcium carbonate®'°,

13,14 15,16

barium sulfate'!, magnesium hydroxidelz, silica'”'*, and calcium sulfate are frequent. In

the calcium sulfate system, calcium sulfate dihydrate (gypsum, CaSO4-2H>0O) commonly
precipitates in industrial systems!’, and its formation and solubility are controlled by different
parameters such as temperature, supersaturation, and impurities.! Most importantly, gypsum

18

as a mineral scale is highly stable and its formation is pH-independent. ® Therefore, it is hard

to remove by industrial scale removal techniques such as acid washing or mechanical
cleaning.! Furthermore, cleaning and / or mechanical removal of mineral scales is

undesirable, as it is costly and affects the performance and efficiency of industrial units. %!
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It is, therefore, desirable to mitigate or reduce mineral scaling rather than remove the calcium
sulfate scale mineral.

In this regard, addition of chemicals such as phosphonates, carboxylates and sulfonates,
known as inhibitors (or antiscalants), is more economical and effective than, for example,

acid cleaning or mechanical methods.?*** Commonly used industrial inhibitors are basically

24,25 26,27

divided into nonpolymeric and polymeric ones, and their role in tackling mineral
scaling is still under debate.! A fundamental understanding of how industrial antiscalants
operate is slowly emerging, yet the operation and efficiency of phosphonate antiscalants, in
particular, is still not well-understood. With respect to the calcium sulfate scale system,
studies that evaluated the effects of phosphonate additives on calcium sulfate formation have
so far focused on effect these antiscalants have on changing the precipitation onset.?® In other
scale systems, studies attempted to derive a more mechanistic understanding of the role of
phosphonate antiscalants, yet many unanswered questions still remain. For example, in the
calcium carbonate (calcite) scale system, molecular modelling has shown that among
phosphonate additives with different molecular structure, just monophosphonates
incorporates into the calcite structure®, while HEDP only interacted with the calcite surface
at step sites.’® Furthermore, in the barium sulfate and calcium carbonate systems, the
inhibitory efficiency of Diethylene Triamine Penta (Methylene Phosphonic Acid) (DTPMPA)
on barite®! and calcite®® scale formation are in both cases lower than that of the poly-
phosphino carboxylic acid, yet what the driving mechanism is still unclear. This applies also
to the calcium sulfate system, where a fundamental mechanistic understanding of the effects
of different phosphonates on calcium sulfate scale formation is totally lacking. The questions

of how these inhibitors operate, interact or change the way calcium sulfate crystals form and

how they can be further optimised to reduce or mitigate mineral scaling, are still open.
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In this research, we assessed the effects of five industrial phosphonate antiscalants on
the nucleation and growth kinetics of calcium sulfate dihydrate, gypsum, and evaluated if and
how these antiscalants may change the morphology of the forming gypsum crystals. We
followed the processes through analyses of changes in both, the reacting solution and the
forming solids simultaneously. For the first time, we quantify the different trends in the
kinetics of gypsum crystallization and demonstrate the surface adsorption and / or structural
incorporation of the antiscalants using a combination of X-ray photoelectron spectroscopy
(XPS), and inductively coupled plasma optical emission spectrometry (ICP-OES) analyses.
Our results show the significant impact of antiscalant functional group characteristics on the
efficiency of the inhibitor in delaying gypsum nucleation and growth. Furthermore, we
document how this interaction also caused changes in the resulting gypsum crystal

morphologies.

2. Experimental methods

To produce calcium sulfate dihydrate crystals, 500 mL of a 200 mM CaCl,-2H>O solution
(100 % AnalaR Normapour VWR) and a 200 mM Na>SOs4 solution (100 % AnalaR
Normapour; VWR) were mixed in a 1000 mL reactor (yielded a solution with a supersation
of 0.84 calculated with the geochemical computer code PhreeqC 3.3.3was obtained™®) at 21
°C and under constant stirring condition.

1-Hydroxy Ethylidene-1,1-Diphosphonic Acid (HEDP), Amino Trimethylene
Phosphonic Acid (ATMP), Polyamino Polyether Methylene Phosphonic Acid (PAPEMP),
Diethylene  Triamine Penta (Methylene Phosphonic  Acid) (DTPMPA) and
Bis(HexaMethylene Triamine Penta (Methylene Phosphonic Acid)) (BHMTPMPA) with the
molecular structure depicted in Figure 1 were provided by Shandong Taithe Water Treatment

Technologies Company. 40 ppm of the phosphonate additives were added to the Na>SOq4
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solution prior to the addition of the CaCly-2H>O solution. Therefore, there were 100 mM
calcium, 100 mM sulfate and 20 ppm phosphonates initially after mixing solutions. The pH

of the calcium sulfate dihydrate crystallization solution was adjusted to pH to ~ 4 or ~ 7, with
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Figure 1.Molecular structure of the tested phosphonate additives.

Changes in the calcium sulfate dihydrate crystallization solutions were tracked by
monitoring 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 crystallization
reactions were followed at 21 °C for up to 240 minutes by recording the changes in the
absorbance of 2.5 mL aliquots taken from the gypsum precipitation solutions. These
procedures were repeated in triplicate and the acquired absorbance data were plotted as the
normalized changes in solution turbidity over 240 minutes. It is noteworthy that when a UV-
vis spectrophotometer is used to measure the turbidity variation as a proxy to the
crystallisation kinetics, a few points have to be considered. For example, the Beer-Lambert

law is applied to dilute solutions and at concentrated solutions the absorbance plot deviates
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from linear behaviour *; any chemical changes during the crystallisation (e.g., dissociation-
association) affects the absorbance; reflection and scattering the light by the surface of the
growing crystals may affect the measured absorbance®’, etc.>*

The crystals precipitated in the absence or presence of phosphonate additives were
always calcium sulfate dihydrate as confirmed by powder X-ray diffraction (XRD; Bruker D8
diffractometer; CuKal). The morphology of the precipitated crystals was studied using a
field emission gun scanning electron microscope (FEG-SEM, FEI Quanta 650, 5 kV).

To quantify the association between the phosphonate molecules and the precipitated crystals,
a few milligram of the formed end-products were dissolved in 2% nitric acid (69% AnalaR
Normapour analytical reagent) and the resulting solutions together with aliquots taken from
the crystallization solution after 10 seconds (initial concentration) and 240 minutes (end
concentration) were analyzed for their Ca and P contents by inductively coupled plasma
optical emission spectrometry (ICP-OES; Thermo Scientific iCAP 7400; with a limit of
detection and uncertainties of 0.004 and 2%, respectively for Ca** and 0.007 ppm and 3.78%,

respectively for P).3

To determine whether the phosphonate additive were surface adsorbed
and / or structurally incorporated into gypsum crystals, 1.5 grams of the end-products were
suspended in a 200 ml saturated gypsum solution for 2 hours under continuous stirring to
desorb any potentially surface adsorbed phosphonate additives. The saturated gypsum
solution was prepared by equilibrating gypsum (puriss, 99.0-101.0%, Sigma-Aldrich) in
Milli-Q water at pH ~ 9 and filtering through 0.2 pm syringe filters prior to desorption. After
this step the remaining crystals were dissolved in 2% nitric acid and the solutions were
analyzed for P concentration as described above. The amount of the inhibitors associated with

the formed crystals (association amount; Cainnibicor) before and after desorption were

determined from the concentration of inhibitor (ppm) (calculated based on the phosphorous
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element concentration measured in the full digestion solutions) divided by the total amount of
crystals dissolved in the solution (ppm).>*

Finally, the surface interactions between the inhibitors and the formed end-products,
were determined by X-ray photoelectron spectroscopy (XPS; Kratos Axis Ultra-DLD
spectrometer; detection limit of 0.1 at. %). Each XPS spectrum was recorded from the top
layers (8-10 nm) of the gypsum crystals. A monochromatic aluminium K, X-ray source (144
W) and pass energies of 40 eV (high resolution scans) was utilized. The base pressure during
analysis was ca. 6 x 1077 Pa. All spectra were referenced to the C (1s) signal at 284.8 eV.
CasaXPS™ (Version 2.3.15) was employed to quantify all data as atomic percentage and

considering the elemental sensitivity factors provided by the manufacturer.

3. Results

In the additive-free experiments, at either pH ~ 4 or ~ 7, the turbidity of the solution changed
after ~ 30 seconds (called hereafter the induction time; the point where the baseline deviated
from the zero value®®) and within ~ 30 minutes it reached turbidity of 100% (Figure 2).
However, in each of the phosphonate-containing experiments and at pH ~ 4, the induction
times increased and it took longer to reach a maximum turbidity plateau. At a constant
concentration (20 ppm) of antiscalants and pH ~ 4, the induction time increased 4 fold (to ~ 2
minutes), 36 fold (to ~ 18 minutes), 60 fold (to ~ 30 minutes), and 140 fold (to ~ 70 minutes)
in the presence of HEDP, ATMP, PAPEMP and DTPMPA, respectively. The slope of the
turbidity curves decreased and the crystallization end-plateaus were reached only in the
presence of HEDP (after ~ 65 minutes) and ATMP (after ~ 100 minutes). The most
remarkable effect was recorded in the presence of BHMTPMPA, where no turbidity change

was observed even after long time periods.*



165 At a higher pH (~ 7), the effects of 20 ppm additive were strikingly different. No
166  change in turbidity was recorded for any of the additives, except for HEDP (Figure 3). In the
167  presence of HEDP the elapsed time before the onset of turbidity was ~ 30 minutes (15 times
168  longer than in the pH ~ 4 experiments at equivalent concentration). Noticeable also is the fact
169 that the turbidity developed with a different trend than in the phosphonate-free system, in that
170  up to ~ 75 minutes the turbidity increased with a constant slope until it reached ~ 3 %, after
171 which, the turbidity sharply increased with the curve having a slope similar to the additive-
172 free system and reaching a plateau within the next ~ 50 minutes (~ 130 minutes from

173 beginning).**
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175 Figure 2. Turbidity curves plotted as a function of time in the absence and presence of 20
176 ppm HEDP, ATMP, PAPEMP, DTPMPA and BHMTPMP at pH ~ 4.3
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Figure 3. Turbidity curves plotted as a function of time in the absence and presence of 20
ppm HEDP, ATMP, PAPEMP, DTPMPA, BHMTPMPA at pH ~ 7.3

Changes in concentration of the antiscalants during gypsum crystallization were analyzed by
measuring their initial (after ~ 10 seconds; ~ 20 ppm inhibitor) and end concentrations (after
240 minutes) of reaction (Figure 4). At pH ~ 4, no decrease in the HEDP and BHMTPMP
concentrations were measured, but the concentrations of ATMP, PAPEMP and DTPMPA
decreased by 18 £ 1 ppm, 10 £ 1.2 ppm and 7 £ 1 ppm. At pH ~ 7, no decrease in the
inhibitors’ concentrations was observed even after 240 minutes, except for HEDP which was
fully removed. This decrease in HEDP inhibitor concentration was mirrored by a reverse

trend in the turbidity profile (Figure 5).34
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Figure 5. Changes in turbidity and HEDP concentration in the gypsum crystallization solution
carried out in the presence of 20 ppm HEDP over 240 minutes at pH ~ 7.3*

The concentration of Ca”* in the crystallization solution after ~ 10 seconds (starting
concentration) and 240 minutes (end concentration) was also measured. As can be seen from
Table 1 in the additive-free system from the initial 100 mM Ca®*, ~ 72 * 1.4 mM of Ca**

were consumed at the end of the reaction. However, in the presence of 20 ppm of the most

10
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effective inhibitor (BHMTPMPA) at pH ~ 4, ATMP, PAPEMP, and DTPMPA at pH ~ 7,
Ca®* was not depleted in the crystallization solution, while in the presence of HEDP at pH ~
7, ~ 59 + 1.2 mM of Ca?** was consumed to produce gypsum crystals. These results cross

correlate with our turbidity measurements where no gypsum was observed in the presence of

BHMTPMPA at pH ~ 4 (Figure 2) and ATMP at pH ~ 7 (Figure 3).

Table 1. Difference between calcium ion concentration at the beginning and end of the
gypsum crystallization process (after 240 minutes) in the presence and absence of inhibitors
at different pH values.**

Additive HEDP- HEDP- ATMP- ATMP- PAPEMP- DTPMPA- BHMTPMPA
-free pH~4 pH~7 pH~4 pH~7 pH~ 4 pH~4 -pH~ 4

72+ 69+ 59z
Aggz+(mM) 581 0 4809 42£08 0
14 13 12

To shed light on the role of these phosphorous containing additives in inhibiting gypsum
crystallization, the amount of inhibitors taken up by the as-produced and desorbed gypsum
crystals was quantified (Figure 6). For the as-formed crystals at pH ~ 4, the amount of
inhibitor associated with the solid crystals (Cainhibitor) Was lowest for the HEDP system
(below the detection limit of our analytical method (ICP-OES)), and highest for the ATMP
system with a Cajnhibitor Of ~ 0.0013. In the PAPEMP and DTPMPA systems the Ca innibitor
was ~ 40 % and ~ 45 % lower than that for the ATMP additive, respectively. For the as-
formed crystals at pH ~ 7, the highest Ca innivitor Value (~ 0.0015) was found for the HEDP
system; this was also the highest uptake amount overall. After desorption, our data revealed
that only ~ 10 % of the additives were desorbed, while ~ 90 % of the associated inhibitors

remained associated with the as-formed gypsum crystals.>*

11
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Figure 6. Inhibitors’ association with end-product gypsum crystals in the presence of 20 ppm
HEDP, ATMP, PAPEMP and DTPMPA at pH ~ 4 or ~ 7. Note that no gypsum crystals were
obtained in the BHMTMPMA amended experiments (see Figure 1).%*

The topmost surface layers of the produced crystals synthesised with 20 ppm phosphonate
inhibitors were probed by XPS (Table 2). The atomic composition data show that except in
the HEDP- pH ~ 4 and HEDP- pH ~ 7 systems, phosphorous was detected on the surface of
the gypsum crystals precipitated in the presence of ATMP, PAPEMP and DTPMPA at pH ~
4.

As an example the XPS spectra for DTPMPA at pH ~ 4 is shown in Figure 7. Besides Ca 2p
(12.6 at.%), S 2p (12.8 at.%) and O 1s (58.9 at.%) with binding energies at 346.98 eV, 167.98
eV, and 530.98 eV, corresponding to gypsum, the XPS spectra also revealed the presence of
Na 1s (0.2 at.%), Cl1 2p (0.2 at.%), P 2p (0.9 at.%), and N 1s (0.3 at. %) at binding energies of
1072 eV, 193 eV, 133.4 eV, and 399.98 eV respectively. The Na and Cl spectral signatures
are related to the presence of NaCl, in the crystallization solution whilst P and N signals
correspond to the DTPMPA antiscalant. It is also worth noting that after desorption

experiments neither P nor N was detected on the surface of the precipitated crystals.

12



Na 1s Ci2p

intensity (a.u)
Intensity (a.u,)

1085 1080 1075 1070 1065 1060 205 200 185 180 185 180 175
binding energy (eV) binding energy (eV)

P2p N1is

intensity (a.u.)
Intensity (a.u.)

145 140 135 130 125 120 420 415 410 405 400 395 390 385
241 binding energy (eV) binding energy (eV)

242 Figure 7. XPS spectra for the as-formed gypsum crystals precipitated in the presence of 20

243 ppm DTPMPA at pH ~ 4. Note that the peak intensities are in arbitrary units and do not
244 represent the concentration of the elements on the surface.**
245

246 Table 2. Surface composition of the precipitated gypsum crystals detected by XPS (at. %);
247  note that no gypsum crystals precipitated from a solution containing 20 ppm BHMTPMPA at
248  pH ~ 4. In addition, in all systems no P and N was detected after desorption experiments

Ca S O Na CI P N (f

Additive-free 11.8 12.1 612 02 - - - 14.7
HEDP-pH ~ 4 125 12.8 586 0.2 - - - 15.9
HEDP-pH ~ 7 124 128 596 0.2 0.1 - - 14.9
ATMP-pH ~ 4 123 12.8 59.6 05 0.1 0.5 - 14.2
ATMP-pH ~ 4 (after desorption) 12.6 129 59.6 - 02 - - 14.7
PAPEMP-pH ~ 4 122 127 585 03 02 0.2 - 15.6
DTPMPA-pH ~ 4 126 12.8 589 02 02 09 03 143
249 1 adventitious carbon

13
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The morphology of the gypsum crystals grown from supersaturated solutions with or without
additives were characterised by SEM (Figure 8). In the absence of inhibitors almost
exclusively large and thin twin crystals were produced (Figure 8 a). This was similar to the
crystals formed in the presence of HEDP at pH ~ 4 (Figure 8 b). However, both HEDP at pH
~ 7 (Figure 8 c) and ATMP at pH ~ 4 (Figure 8 d) dramatically modified the morphology of
the gypsum crystals resulting in thick needle shaped particles. The other additives, PAPEMP
and DTPMPA, also had profound effects on the morphology and sizes of the formed gypsum
crystals. PAPEMP at pH ~ 4 yielding a mixture of long “dendritic” needles with thick short
crystals (Figure 8 e), and DTPMPA at pH ~ 4 resulted in thick and short crystals together

with some long dendritic crystals covered by tiny crystal fragments (Figure 8 f).34

14
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Figure 8. SEM micrograph of gypsum crystals gathered after 240 minutes from experiments
in (a) additive-free at pH ~ 7; (b) 20 ppm HEDP at pH ~ 4; (c) 20 ppm HEDP at pH ~ 7; (d)
20 ppm ATMP at pH ~ 4; (e) 20 ppm PAPEMP at pH ~ 4; (f) 20 ppm DTPMPA at pH ~ 4;
note that no gypsum crystals precipitated from a solution containing 20 ppm BHMTPMPA at
pH ~ 4.3
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4. Discussion
4.1. Crystallization Kinetics: role of additives

We used the change in induction times from the turbidity curves derived from the
gypsum precipitation experiments carried out without and with phosphonate antiscalants to
study the effects they have on crystallization of calcium sulfate dihydrate. Our measurements
at pH ~ 4 revealed a remarkable increase in induction time and a decrease in nucleation and
growth kinetics in the presence of 20 ppm additives following the order HEDP < ATMP <
PAPEMP < DTPMPA < BHMTPMPA (Figure 2).

The observed turbidity graphs in this research differ from those plotted in our

previous studies®**

, where other, non-phosphonate containing, antiscalants were used to
retard gypsum formation. This is probably due to the specific physico-chemical properties of
the phosphonate-containing antiscalants, which control the mechanisms by which these
additives interact with gypsum crystals, in particular those properties that are thought to be
among the main factors affecting the performance and efficiency of antiscalants, such as
molecular structure, presence of functional groups, and molecular weight of antiscalants
together with the pH of the solution.!*' It is also well-known that scaling inhibitors can
decrease the formation of undesirable minerals by different mechanisms, such as through ion
sequestration or chelation, increasing the interfacial tension between nuclei and the
crystallization solution, dispersing the scale minerals, and / or association with the crystal
(e.g., surface adsorption).*’*> Even among the phosphonate additives, differences in their
physico-chemical properties yielded different turbidity development trends (Figure 2, 3). For
example, the turbidity graphs in the experiments with HEDP and ATMP at pH ~ 4 were
similar to each other but markedly different than those in experiments with PAPEMP,

DTPMPA at pH ~ 4 and HEDP at pH ~ 7. Furthermore, in the presence of PAPEMP at pH ~

4 (Figure 2), the turbidity development changed ~ 65 minutes after induction (at ~ 30 %

16
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turbidity) and switched to increase but with a lower slope which may originate from the
changes in the interaction of PAPEMP with gypsum crystals over time.>*

Some of the mechanisms thought to control the interaction of additives with mineral crystals
in relation to our phosphonate data are discussed below.

4.1.1. Sequestration or chelation: Phosphonate antiscalants are known to retard
crystallization by chelating with active ions in the precipitation solutions.** In our case,
complexation with Ca®" ions would result in a decrease in the activity of free Ca** and
CaS0.° ion pairs, which is likely reflected by the delay in gypsum crystallization kinetics
(Figures 2, 3 and 5). The role of pH is also fundamental in chelation ability of the
phosphonate inhibitors because these compounds deprotonate at higher pH and further
complex with Ca?*, and therefore hinder the crystallization which was also demonstrated in
this study (Figure 5).>* Table 1 further illustrates the chelation performance of the studied
inhibitors and reveals the strong complexation between the phosphonate functional groups
and Ca’* especially at higher pH values. The sequestrating ability of phosphonates towards
cations has also been demonstrated.*> Variations in total calcium vs. time plots in the absence
and presence of phosphonate antiscalants may also further illustrate the positive effects of the
tested additives on the gypsum formation rate.

4.1.2. Molecular structure: We note that there is a direct relation between the
number of functional groups in the phosphonate inhibitor structure and the decrease in
gypsum crystallization kinetics (Figure 2). In this regard, it is likely that DTPMPA and
BHMTPMPA each with five phosphonate functional groups more effectively complexed with
Ca?* than PAPEMP, ATMP and HEDP with four, three and two functional groups,
respectively, (Table 1) and thus more effectively inhibited gypsum crystallization (i.e.,
DTPMPA and BHMTPMPA showed the longest induction times; Figure 2). A more effective

inhibition of calcite crystallization by the five phosphonate functional group DTPMPA
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compared to the tetraphosphonate inhibitors is also reported elsewhere and similarly
attributed to a more effective complexation of phosphonate functional groups of
DTPMPA 634 However, Zhang el al.*’, reported the higher CaCOs formation inhibition
efficiency of PAPEMP than DTPMPA.

In terms of molecular length, we observed here that at constant concentration of 20
ppm (29.2 uM) BHMTPMPA, no changes in turbidity was detected, indicating an even
higher inhibitory efficiency of this additive than 20 ppm (34.9 uM) DTPMPA (Figure 2).
Although the pK values for DTPMPA and BHMTPMPA have not yet been determined,
assuming very close pK values for DTPMPA and BHMTPMPA, we suggest that the
differences in inhibitory efficiency are related to differences in the molecular structure of
these two antiscalants, i.e. the backbone chain length where DTPMPA and BHMTPMPA
contain 4 and 12 methylene groups in their backbone connecting the N atoms, respectively.
Akyol et al.,*® showed that a tetraphosphonate antiscalant with a longer backbone chain had a
greater gypsum inhibitory efficiency than tetraphosphonate antiscalants with shorter
backbone chains and as such we also attribute the greater inhibitory efficiency of
BHMTPMPA compared to DTPMPA to this molecular structure effect. Recent work by Shi
et al.,*? focused on this molecular structure phenomenon and used a molecular modelling
approach to show that there is an optimum PAPEMP molecular length for increased
anhydrite inhibition and among the PAPEMP antiscalants with different methylene groups (n
= 1-7), the PAPEMP with 3 methylene groups had higher adsorption on calcium sulfate
anhydrite. The Shi et al. results, however, are contrary to similar molecular modelling for
calcite which showed that because of steric hindrance effects, the tetraphosphonate inhibitors

with longer back bone chains resulted in a weaker inhibition of calcite crystallization.**-*
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It is also worth noting that the molar concentration of BHMTPMPA added to the
crystallization solution (i.e., 29.2 uM) was about 3 times lower than that of for HEDP (i.e.,
97.1 uM). This further illustrates the profound effect of molecular structure of an antiscalant.

4.1.3. Surface adsorption / structural incorporation: It was shown in this research
that the deprotonation state of the additives in the crystallization solutions can directly affect
the concentration variation of the additives during the crystallization experiments, and the
association of the additives with the forming gypsum crystals (Figures 4-6).>*

It is well-known that antiscalants with deprotonated functional groups adsorb onto
developing nuclei and / or growing crystals by binding onto active growth sites (i.e., steps
and kink sites). During this process just a few percent of a crystal surface (e.g., 5 % in the
barite system) needs to be covered to totally block crystal growth.>® Adsorption of inhibitors
also affects the thermodynamic stability of nuclei by keeping them at subcritical size and
dissolving the nuclei before their further growth. Then, the inhibitors are available for
repeated adsorption.’! It is also worth mentioning that beside surface binding, impurities can
trap within the growing gypsum crystal structure and association of foreign ions with gypsum
crystals increases with increasing crystal growth rate.”>34

Here, HEDP at pH ~ 4 is weakly deprotonated and therefore it is likely that this
additive did not adsorb on the gypsum crystal surfaces and did not become trapped in the
rapidly growing gypsum crystals (Figure 2 and 4). This is evident in the fact that the HEDP
concentration did not decrease during the experiment (Figure 4). Overall, with no HEDP
association with the gypsum crystals there was no gypsum inhibition (Figure 2). In contrast,
HEDP at pH ~ 7 and ATMP at pH ~ 4 were deprotonated and therefore likely adsorbed and
became trapped in the fast growing gypsum crystals, which caused a significant decrease in

HEDP and ATMP concentration during the crystallization process (Figures 2, 4 and 5).**
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We also observed that besides the degree of deprotonation, the amount of the
precipitated crystals (degree of turbidity) affects the concentration of the inhibitors in the
solution. According to Figure 5, in HEDP system at pH ~ 7, an abrupt increase in turbidity
occurred when it reached ~ 3 %. This could be due to the depletion of HEDP from the
crystallization solution because of the association of the inhibitors with the nucleating and
growing gypsum crystals. HEDP at pH ~ 7 and ATMP at pH ~ 4 were not strong inhibitors to
fully sequestrate the Ca®" in the solution and prevent the gypsum formation. Therefore, by
precipitating more crystals and increasing the turbidity in the mixing solution with time, the
phosphonate functional groups further associated with gypsum and therefore their
concentration gradually decreases in the solution. In the case of HEDP at pH ~ 7, this
continued over time until at a certain point (~ 3 % in the case of HEDP at ~ 7) where in the
absence of the deprotonated inhibitors, gypsum crystals easily precipitated, as mirrored by the
sharp increase in the turbidity with a slope very close to the phosphonate-free system (Figure
5) resulted in a high association amount measured by ICP analysis (Figure 6). A similar trend
in turbidity development was observed when 20 ppm polyacrylic acid was added to gypsum
crystallization solution.>

In PAPEMP and DTPMPA systems at pH ~ 4, due to highly Ca®* sequestration, less
amount of gypsum crystals nucleated and their growth were significantly hindered. Thus,
more than 50 % of these additives remained in the crystallization solution after 240 minutes.
Therefore, low association amount was measured for these two systems (Figure 6).

To shed light on the surface adsorption vs. structural incorporation of our additives
with gypsum, we performed desorption experiments and used a combination of ICP-OES
analysis of digested as-formed and post-desorbed gypsum crystals, together with XPS studies
of the surfaces of these solids (Figure 6 and Table 2). Evaluating the association of additives

with gypsum crystals after 2 hours of desorption, ICP-OES revealed that just ~ 10 % of
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associated inhibitors desorbed and thus a the majority (~ 90 %) remained associated with the
solid crystals, which could be due to (i) strong surface binding (i.e., adsorption) and thus no
desorption and / or (ii) incorporation into the crystal structure (i.e., structural incorporation)
and thus no desorption (Figure 6).

(i) In the case of a strong surface binding mechanism: it is well-known that the
surface charge of the adsorbent (here gypsum) and the nature of the adsorbate (e.g.,
phosphonate additives) affect the extent of adsorption. Calcium ions in the gypsum structure
have high hydration energy therefore they are highly shielded by the mineral structural water
molecules and those of the surrounding solution.’*** A negative surface charge for gypsum at
pH values above ~ 2 has also been reported.”® Therefore, this implies that phosphonate
functional groups did not adsorb onto the crystals via physisorption (electrostatic interaction)
but their adsorption was via an irreversible chemisorption mechanism called ‘“specific
adsorption” (also called “ligand-exchange” or “coordination adsorption”) during which the
hydroxyl groups linked to the calcium ions are replace by the phosphonate additives.>® The

adsorption of anions onto hydrated minerals (e.g., a-alumina’’)

via a ligand exchange
mechanism has also been documented. Similarly to this study, Weijnen and Van Rosmalen®
observed the association of HEDP with negatively surface charged gypsum crystals and did
not measure any desorbed HEDP even after several days suspending the gypsum crystals in a
supersaturated gypsum solution. These authors, therefore, suggested that the strong
association of HEDP with gypsum is irreversible but they did not distinguish whether the
irreversibility was due to the strong “ligand exchange” adsorption or structural incorporation.
The structural incorporation of HEDP into hydroxyapatite at high temperature and after long

reaction times has also been reported.” Furthermore, Akyol et al.*®

proposed that negatively
charged phosphonates bind to the calcium ions of the gypsum structure by substituting the

water molecules of the hydrated calcium ions in a process called “calcium-phosphonate
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interaction”. Indeed, precipitation of a calcium-phosphonate layer on calcium based cement
grains in the presence of ATMP has been similarly proposed®®** and the formation of
calcium phosphonate compounds (Ca-DTPMPA) on calcite surfaces have also been
identified.®!

(il) Assuming a structutral incorporation mechanism, we suggest that for structural
incorporation of the studied inhibitors, at first the additives should strongly adsorb onto the
gypsum crystals and then they become trapped during gypsum growth. In the HEDP system
at pH ~ 4 no surface adsorption or structural incorporation was observed (Figure 6), but at pH
~ 7 we measured P by ICP-OES in digested as-formed gypsum crystals, but the XPS analysis
did not detect any P on the surface of those crystals, suggesting that the HEDP was
incorporated into the structure of the crystals away from the structural surface (Figure 6 and
Table 1).

In ATMP system at pH ~ 4, the P XPS peak vanished after desorption experiments
suggesting that all of the ATMP was removed from the surface of the crystals, but ICP-OES
analysis measured the P in the digestion solution of post-desorption crystals, again suggesting
the structural incorporation of ATMP (Table 2).

It is also worth mentioning that XPS analysis of as-formed gypsum crystals
precipitated from 20 ppm DTPMPA amended solution at pH ~ 4, revealed that in acidic
solutions, nitrogen atoms of amino groups in DTPMPA can be protonated and adsorb to the
negatively charged sites of a gypsum crystal (Figure 7). This was previously shown for a
mirabilite crystal.®>%* Therefore, the N 1s peak with two components located at binding
energies of 399.4 eV and 401.7 eV has been assigned to amino groups and protonated

nitrogen (NH>*) on the gypsum surface, respectively.®*

4.3. Morphological modification
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As our morphological investigations show, selective adsorption and structural incorporation
of phosphonates onto and into the growing crystals inhibited their growth along specific
directions and thus changed their morphology (Figure 8). This is a common phenomenon, but
our imaging data confirmed that with phosphonate additives, gypsum crystals change their
habits compared to those in the additive-free system. It is also worth mentioning that the
irregular twinned morphology of the gypsum crystals without and with additives in this study
was different to the needle shape morphology of the additive-free gypsum crystals reported in
our previous studies.’**® This could be due to the higher supersaturation of the gypsum
crystallization solution (0. 84 vs. 0.55) and the larger volume of the crystallization solution (1
litre vs. 2 ml) in this study, but further investigation of the effects of the supersaturation and
the solution volume on gypsum crystallization were out of the scope of this study. Other
studies using HEDP and ATMP also showed that as a function of supersaturations the
morphology of the forming gypsum crystals changes.®3*

HEDP at pH ~ 4 was likely not deprotonated enough to interact with the growing
gypsum crystals and so did not associate and therefore did not cause any morphological
changes (Figure 8 b). On the other hand, HEDP at pH ~ 7 yielded gypsum crystals with
different morphologies (Figure 8 c). This additive at pH ~ 7 inhibited the growth along the ¢
axis and favoured the growth of gypsum in the a and b directions, leading to dominantly thick
crystal habits instead of thin twin crystals. This morphological change was further
demonstrated by changes in XRD peak intensity ratios where the (020) to (021) peak
intensity ratio in the HEDP amended system at pH ~ 7 was smaller (~ 0.69) than the
corresponding ratio at pH ~ 4 (~ 2.6) (Figure 9). Considering the typical gypsum unit cell®,
this variation in peak intensity ratio is attributed to the increase in thickness of the crystal

accompanied by an increase in (021) peak intensity. A similar change in XRD peak intensity
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463  ratio, and associated morphological changes, as a result of a carboxylic acid adsorption onto

464  another calcium sulfate phase (bassanite; CaSQOs-0.5H>0) has been reported.®’3*

465
HEDP-pH 4
®) —— HEDP-pH7
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466 20

467  Figure 9. The effects of HEDP on gypsum (020) to (021) peak intensity ratio at two different

468 pH values of (a) ~ 4 and (b) ~ 7.3
469
470 In terms of the other additives, thicker needle gypsum crystals were also observed as a

471  consequence of ATMP association at pH ~ 4 (Figure 8 d), while stronger association of
472 PAPEMP and DTPMPA containing four and five phosphonate functional groups at pH ~ 4
473  yielded gypsum crystals that were shorter and thicker (Figure 8 e,f).>*

474 In addition, the tips of the gypsum crystals obtained from in the absence of additives
475  had dominantly flat tips but in the presence of 20 ppm HEDP pH ~ 7 and ATMP, PAPEMP
476  and DTPMPA pH ~ 4, the macro-steps on the broader and thicker gypsum crystals were also
477  obvious (Figure 10). The observed macro-steps for the crystals grown in the presence of
478  phosphonates, together with uneven crystal tips and the presence of growth steps on the

479  crystal surfaces further confirm the adsorption of inhibitors on the gypsum crystals. Similarly,
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the presence of growth steps has been observed for gypsum crystals grown with acrylic
polymers.®

However, PAPEMP and DTPMPA at pH ~ 4 produced long dendritic gypsum crystals
as well. Here, we emphasise due to the lack of SEM images from forming gypsum crystals
during turbidity development process in both PAPEMP and DTPMPA at pH ~ 4 systems, it is
not possible to determine at what turbidity development step these two morphologies
(i.e.,“short, thick” and “long, dendritic’) precipitated. But, formation of long dendritic
gypsum crystals can probably be related to the long molecular structure of PAPEMP and
DTPMPA.** According to the models proposed by Barouda et al.,*” and Akyol et al.,*8 these
long molecules are flexible and can bend which may allow these additives to interact with

calcium and / or sulfate ions in different crystal faces yielding long “dendritic” crystals.

However, a detailed molecular level understanding of the process is still outstanding.
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Figure 10. The spiral growth and macro-steps on the broader and thicker gypsum crystals
gathered after 240 minutes from experiments in (a) 20 ppm HEDP at pH ~ 7; (b) 20 ppm
ATMP at pH ~ 4; (c) 20 ppm PAPEMP at pH ~ 4; (d) 20 ppm DTPMPA at pH ~ 4.

Considering the efficiency of the tested inhibitors and the morphology of precipitated
gypsum crystals, BHMTMPA is the most suitable phosphonate inhibitor to be used in
different industries. Moreover, we emphasise that the phosphonate additives should be added
at high enough concentration (e.g., ~ 20 ppm) to the gypsum crystallization solution to
prevent the gypsum formation, otherwise after the depletion of antiscalant from the solution,
thick and long dendritic needle crystals will form which might clog pipelines and membranes
and cause problems in some industries such as reverse osmosis water desalination, etc.>*

Although in this paper the mechanisms by which phoshponate antiscalants hinder
gypsum formation were investigated, to decrease the environmental impacts of these
additives, we also highlight the importance of using biodegradable additives such as

polyepoxysuccinic acid and polyaspartic acid in preventing gypsum formation.>?

5. Conclusion

In this research, we reported the effects of industrial phosphonate containing additives on the
crystallization kinetics of gypsum mineral. The presence of additives led to inhibition of
gypsum formation because they increased the time needed for gypsum precipitation in the
order of increasing number of phosphonate functional groups in the antiscalant additive as
follows: HEDP < ATMP < PAPEMP < DTPMPA < BHMTPMPA. Gypsum was the only
mineral phase after 240 minutes and no phase transformation was recorded in the presence of
the additives. Combination of ICP-OES and XPS analyses revealed that highly deprotonated
antiscalants associated with gypsum crystals through surface adsorption and / or structural

incorporation. This was accompanied by a decrease in the additive’s concentration in the
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crystallization solution during gypsum growth. Just ~ 10 % of the associated additives were
adsorbed to the surface while the remainder was either strongly adsorbed or structurally
incorporated. Growing in the presence of additives affected the morphology of the gypsum
crystals. Thin and twin gypsum crystals precipitated from additive-free solutions compared to
short and thick crystals in the presence of HEDP at pH ~ 7 and ATMP at pH ~ 4. This was in
contrast to gypsum growth in the presence of PAPEMP and DTPMPA at pH ~ 4, where short

and thick crystals and long dendritic needles were obtained.
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