
RESULTS AND DISCUSSION
CHAPTER IV

This thesis was divided into three main experimental sections. First 
section concerned with synthesis and characterization of 1:1 and 2:1 
Ca2+/HEDP precipitates and transformation of the Ca2+/HEDP precipitates. 
Second section was to determine the dissolution kinetics of both the 1:1 and 
2:1 Ca2+/HEDP precipitates. Last section was to evaluate the performance of 
these precipitates in the micromodel which simulates the porous media. The 
experiment data are shown in Appendix.

4.1 Batch Synthesis and Characterization of Ca2+/HEDP Precipitates
4.1.1 Synthesis of Ca2+/HEDP Precipitates
This study was conducted to reproduce Ca2+/HEDP precipitates 

described by the previous results. Two different batch experiments were 
performed for the synthesis of 1:1 and 2:1 Ca2+/HEDP precipitates at molar 
product of 0.005 M2. First batch experiment was conducted at pH = 2.0 which 
produced a 1:1 Ca2+/HEDP precipitate. The second batch experiment was 
conducted at pH = 6.0 for the synthesis of a 2:1 Ca2+/HEDP precipitate. This 
is a reproduction of the work conducted by Browning (1996) as shown in 
Figure 4.1.

At pH 2, the Ca2+/HEDP precipitate having a molar ratio of 1:1 was 
formed. One calcium cation attached to one active phosphate group in HEDP 
to form the precipitate. The solubility product, KSp, of this precipitate is 
approximately 3.02E-08 (mol/1)2. While at pH 6, a Ca2+/HEDP precipitate 
having a molar ratio of 2:1 was formed. Two calcium cations atoms react with 
one HEDP molecule to form the precipitate due to the effect of high pH
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Figure 4.1 Effect of solution pH on Ca2+/HEDP molar ratio of 
precipitate (Browning, 1996)

causing the HEDP molecule had the greater deprotonation, leaving more 
reaction sites for the calcium molecule to bond. The value of KSp is 
approximately 8.12E-12 (mol/1)3. The morphologies of these two precipitates 
are spindle particle and spherical particle, respectively, which are depicted in 
Figure 4.2.

The crystalline form of a 1:1 Ca2+/HEDP precipitate is clearly seen in 
the form of a spindle shape whereas a 2:1 Ca2+/HEDP precipitate is amorphous 
as shown in Figure 4.2. The X-Ray Diffraction (XRD) patterns of these 
precipitates again reconfirm that the 1:1 precipitate is crystalline and the 2:1 
precipitate is amorphous as shown in Figure 4.3.
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1:1 Ca2+/HEDP precipitates, pH = 2 2:1 Ca2+/HEDP Precipitates, pH = 6

Figure 4.2 Morphologies of 1:1 and 2:1 Ca2+/HEDP precipitates 
synthesized at pH of 2 and 6, respectively
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Figure 4.3 XRD patterns of two precipitates having 1:1 and 2:1 Ca2+ to 
HEDP ratios

4.1.2 Transformation of Ca2+/HEDP Precipitates
Transformation of the precipitate depends on the pH of the solution 

and the type of the precipitate. The results of the previous study conducted by 
Browning (1996) shows that precipitate morphology depends on pH and the
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Ca2+/HEDP molar ratio of the solution. It has been found that a solution 
pH=2.0, the precipitate has 1:1 molar ratio of Ca2+ to HEDP, although at 
pH=6.0, the precipitate has molar ratio of 2:1. In order to see the 
transformation of the 1:1 precipitate to the 2:1 precipitate, the pH of precipitate 
solution was changed from a low pH of 2.0 to a high pH of 6.0. It was found 
that the spindle Ca2+/HEDP precipitate was transformed to spherical particles. 
The transformation curve shown in Figure 4.4 reveals that the 1:1 Ca2+/HEDP 
precipitate is completely transformed to the 2:1 Ca2+/HEDP precipitate after 10 
minutes.

Time (min)

Figure 4.4 Ca2+/HEDP molar ratio in precipitate as a function of time during 
transformation from 1:1 to 2:1 Ca2+/HEDP precipitate at the 
solution pH = 6.0

As can be seen from Figure 4.5, the transformation of the 2:1 
Ca2+/HEDP precipitate to the 1:1 Ca2+/HEDP precipitate occurs when the pH 
of the solution is changed from 6.0 to 2.0. This transformation phenomena
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was clearly confirmed the observation of the morphology change from the 
spherical particle to long spindle particles as be desorbed latter in the next 
section. Comparing Figures 4.4 and 4.5, one can observe that the 
transformation of 2:1 Ca2+/HEDP precipitate to 1:1 Ca2+/HEDP precipitate is 
much slower than the transformation of 1:1 Ca2+/HEDP precipitate to 2:1 
Ca2+/HEDP precipitate.
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Figure 4.5 Ca2+/HEDP molar ratio in precipitate as a function of time 

during transformation from 2:1 to 1:1 Ca2+/HEDP 
precipitate

4.1.3 Changes in Morphology during Transformation of 
Precipitates

The morphologies of both 1:1 and 2:1 transformed Ca2+/HEDP precipitates 
during transformation were studied by using Scanning Electron Microscope (SEM). 
Figure 4.6 shows the initially spindle-shaped precipitate during the first 2 
minutes after let the transformation to occur. The 1:1 Ca2+/HEDP precipitate
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began to slightly transform its morphology at the edge and then the 2:1 saturated 
Ca27HEDP solution diffused through internal surfaces of the precipitate. The spindle 
particles were then completely transformed to the spherical particles within only 20 
minutes.

550x 0 minute llOOx

550x 8 minutes llOOx

Figure 4.6 SEM pictures of the precipitate during transformation from 
1:1 to 2:1 Ca2+/HEDP molar ratio
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Figure 4.6 - continued.

From Figure 4.7, the spherical-shaped solid of 2:1 Ca2+/HEDP 
precipitate are partly transformed to the spindle-shaped solid of 1:1 
Ca2+/HEDP precipitate at the edge after 30 minutes. Then, it has been clearly 
seen that the 2:1 Ca2+/HEDP precipitate was mostly transformed to the 1:1 
precipitate at time 420 minutes and finally the complete transformation from 
the spherical particles to the spindle particles appeared when the time passed 
through 1,710 minutes.
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Figure 4.7 SEM pictures of the precipitate during transformation from 
2:1 to 1:1 Ca2+/HEDP molar ratio
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200x 750 minutes 550x
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Figure 4.7 - continued

The fact that transformation of spindle particle (1:1 precipitate) to 
spherical particle (2:1 precipitate) was much faster than transformation of 
spherical particle to spindle particle can be explained by 2 steps of
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transformation reaction. The first step is dissolution of precipitate and the 
second step is the re-precipitation as described below :

Dissolution Re - Precipitation
Ca2+/HEDP solid Ca2+/HEDP liquid Ca2+/HEDP solid

k] k2Case 1 1:1 solid "►  1:1 liquid "+ 2:1 solid
Case 2 2:1 solid 2:1 liquid ^  1:1 solid

In Case 1, the 1 ะ 1 Ca2+/HEDP precipitate is rapidly transformed to the 
2:1 Ca2+/HEDP precipitate due to the high solubility value (KSp=3.02E-08 
(mol/1)2) of the 1:1 precipitate. Thus, it is easily dissolved and can 
immediately form the 2:1 precipitate.

Analogously, in Case 2, the 2:1 precipitate has a low solubility value 
(KSp=8.12E-12 (mol/1)3), then it is harder to be dissolved and slowly 
transformed to the 1:1 precipitate. This reason can also be further supported 
by the kinetics theory. From the results described in the next section, it can be 
used to explain that the rate of dissolution (ki=1.40E-04 m in1) and the rate of 
precipitation (k2) of Case 1 are much higher than the rate of dissolution 
(k3ะ=2.01E-05 min'1) and the rate of precipitation (]<4 ) of Case 2. That means 
the overall rate of reaction (Ki=f(kj, k2)) in Case 1 is higher than the overall 
rate of transformation (K2=f(k3, k4)) in Case 2. The rate of dissolution (k) will 
be clearly discussed in the next section. Hence, the 1:1 Ca2+/HEDP precipitate 
rapidly transformed to the 2:1 Ca2+/HEDP precipitate rather than the 2:1 
Ca2+/HEDP precipitate transformed to the 1:1 Ca2+/HEDP precipitate.
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4.2 Dissolution of Precipitates
4.2.1 Effects of Calcium and pH on the Dissolution rate of 

Ca2+/HEDP Precipitates
The dissolution rates of both 1:1 and 2:1 Ca2+/HEDP precipitates in 

continuous flow pattern of the differential reactor (semi-batch) were studied 
using dissolving fluids having different calcium concentrations as model 
formation water and deionized water. Two concentrations of calcium chloride 
in the model formation water at pH 5.5 were 1,230 and 123,000 ppm while 
deionized water was free from calcium and kept at pH 6.3 in order to 
determine the effects of calcium and pH on the precipitate dissolution rate.

Figures 4.8 and 4.9 show the effects of calcium and the pH of the 
dissolving fluid on the dissolution of the 1:1 and 2:1 precipitates, respectively. 
As can be seen from Figure 4.8, the percentage of precipitate dissolution 
decreases significantly with increasing calcium chloride concentration in the 
dissolving fluid. For a given volume of the dissolving fluid of 60 ml, the 
percentage of the precipitate dissolution was 70.94 and 55.70 % for the 
calcium chloride concentration in the model formation water of 1,230 and
123,000 ppm, respectively. For the case of deionized water, the percentage of 
precipitate dissolution was 41.80 % when 60 ml of deionized water was fed 
through the precipitate. The results reveal that an increase in the pH of the 
dissolving fluid also decreased the percentage of the precipitate dissolution. 
The effects of the solution pH on the precipitate dissolution will be discussed 
further in the next section. Figure 4.9 also shows the similar results for the 2:1 
precipitate. For using the dissolving liquid volume of 60 ml, the percentages 
of precipitate dissolution were 56.60 %, 21.16 % and 9.15 % corresponding to 
the model formation water having 1,230 ppm CaCl2, 123,000 ppm CaCl2 and 
deionized water, respectively. For the experimental results, it can be 
concluded that it is much more difficult to dissolve a 2:1 Ca2+/HEDP
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precipitate than a 1:1 Ca2+/HEDP precipitate. The effect of calcium on the 
precipitate dissolution can be explained by Le-Chatlier principle as shown in 
the chemical equilibrium equation below :

Ca2+ + HEDP 2 < ------ >  C aH E D Pj (4.1)
Ca2+ + CaHEDP I  >  Ca2HEDP I  + 2 H + (4.2)

For the case of the 1:1 precipitate, a decrease in calcium results in 
increasing the precipitate dissolution as explained by equation (4.1) which 
forces the reaction shifting to left hand side. For the case of the 2:1 
precipitate, analogously, an increase in calcium concentration will force the 
reaction shift to the left hand side. This means that the dissolution of the 
precipitate then decreases with increasing the calcium concentration in the 
dissolving solution. The dissolution rate of the 2:1 precipitate is simply slower 
than the dissolution rate of the 1:1 precipitate since the 2:1 precipitate has to 
transform to the 1:1 precipitate first.

Time (min)
Figure 4.8 Effect of CaCl2 concentration on the dissolution of 1:1 

Ca2+/HEDP precipitate
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Time (min)
Figure 4.9 Effect of CaCl2 concentration on the dissolution of 2:1 

Ca2+/HEDP precipitate

As can be seen from Figures 4.8 and 4.9, the dissolution rates of both 
1:1 and 2:1 precipitates decreased with increasing both calcium concentration 
and pH. The effect of calcium on the dissolution rate of precipitates can be 
desorbed by their solubility product (KSp) as shown in equations 4.3 and 4.4.

For 1:1 precipitate ะ
[Ca2+][HEDP2-]  . 4 3 .

[CaHEDP  ]  *

For 2:1 precipitate :

« . 1 = “ 1 (4 4)[  LsQ 2*1 E L ' f  J
When the calcium concentration in the dissolving fluid increases, the 

dissolution rates of both 1:1 and 2:1 precipitates decrease as seen from 
equations 4.3 and 4.4.
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4.2.2 Determination of Dissolution Rate Constant
Figure 4.10 shows the plot to determine the values of the dissolution 

rate constant of both 1:1 and 2:1 precipitates with different dissolving fluids. 
Table 4.1 gives the calculated values of the dissolution rate constant. As can 
be seen from Table 4.1, the dissolution rate of the precipitate depends on the 
precipitate type, calcium concentration and the solution pH. The effect of pH 
is much greater than the effect of calcium on the dissolution rate.
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Figure 4.10 Kinetics study of initial dissolution rate of both 1:1 and 2:1 
Ca2+/HEDP precipitates in differential reactor using 
different calcium concentrations and solution pHs
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Table 4.1 The values of the dissolution rate constant of 1:1 and 2:1 
precipitates by deionized water and model formation water

Dissolving Fluid Dissolution Rate Constant (k) min'1
1:1 precipitate 2:1 precipitate

1,230 ppm CaCl2 
formation water 2.60E-04 9.67E-05
(FW.Ca)
123,000 ppm CaCl2 
formation water 2.34E-04 3.42E-05
(FW 100 Ca)

Deionized Water 1.40E-04 2.01E-05

4.3 Precipitate Release in Micromodel
As be described ealier, two different Ca2+/HEDP precipitates could be formed 
by controlling the solution pH. This section was to attempt visual observations 
of the formation, displacement and subsequent release of both 1:1 and 2:1 
Ca2+/HEDP precipitates in a pseudo porous medium using model formation 
water and deionized water. The resulting data can be used to predict the 
squeeze lifetime of HEDP inhibitor which initially forms both 1:1 and 2:1 
Ca2+/HEDP precipitates.

i Release of 1:1 Ca2+/HEDP precipitate
A 1:1 Ca2+/HEDP precipitate was placed in the micromodel. The 

micromodel was then eluted with the model formation water containing of 
1,230 ppm and 123,000 ppm of CaCl2 at pH=5.5 and deionized water at 
pH=6.3. A flowrate of dissolving fluid was kept constant at 0.05 ml/min. The 
elution curves and micromodel images were then compared to determine the
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release of phosphonate with three different dissolving fluids.
The 1:1 Ca2+/HEDP precipitate formed in the micromodel appeared as 

fibrous-like spindles similar to those synthesized. The precipitates formed 
were formed compacting at pore throats. After injecting any dissolving fluid 
into the micromodel, saturated Ca2+/HEDP solution in contact with the 
precipitate is firstly swept from the micromodel, resulting in the high HEDP 
concentration seen in the elution curve and gradually decreases as shown in 
Figures 4.11 and 4.12. A similar trend was obtained when CaCl2 
concentration in the elution fluid was increased to 123,000 ppm (see Figures
4.13 and 4.14) For having the minimum effective concentration of HEDP, the 
release lifetime could increase approximately 4 times when the calcium 
chloride concentration in the model formation water increased from 1,230 ppm 
to 123,000 ppm. Figures 4.15 and 4.16 show the elution curve and the 
progressive dissolution of the 1:1 precipitate when deionized water was 
employed as elution fluid. The effect of the solution pH can be simply 
elucidated by comparing the elution curves shown in Figures 4.11 and 4.15. A 
conclusion can be drawn that an increase in the pH of the formation water will 
result in increasing the release lifetime of HEDP.

Figures 4.12, 4.14 and 4.16 illustrate the photographs of the 
precipitates to be dissolved gradually. The precipitate was rapidly dissolved 
as shown the disappearance of the fibrous solids situating in pores and pore 
throats. Then, the remaining precipitate consisted of densely packed fibers 
only confined at the pore throats causing extremely slow release of HEDP 
from the micromodel which corresponded to a long tail of the elution curve.
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Figure 4.11 Elution curve of 1:1 Ca2+/HEDP precipitate by 1,230 ppm 
CaCl2 model formation water at pH=5.5

Initial 1 min 5 min 10 min
PV = 0 PV = 0.25 PV= 1.25 PV = 2.50

Figure 4.12 Sequential release of 1:1 Ca2+/HEDP precipitate from
micromodel by 1,230 ppm CaCl2 model formation water at
pH=5.5
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Figure 4.13 Elution curve of 1:1 Ca2+/HEDP precipitate by 123,000 ppm 
CaCl2 model formation water at pH=5.5

Initial 3 min 10 min 360 min
PV = 0 PV = 0.75 PV = 2.50 PV = 90

Figure 4.14 Sequential release of 1:1 Ca2+/HEDP precipitate from
micromodel by 123,000 ppm CaCl2 model formation water at
pH=5.5
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Figure 4.15 Elution curve of 1:1 Ca2+/HEDP precipitate by deionized 
water at pH=6.3

Initial 3 min 5 min 10 min
PV = 0 PV = 0.75 PV= 1.25 PV = 2.50

Figure 4.16 Sequential release of 1:1 Ca2+/HEDP precipitate from
micromodel by deionized water at pH=6.3
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ii Release of 2:1 Ca2+/HEDP precipitate
T he second precip itate  that w as exam ined in  the m icrom odel w as the 

2:1 C a2+/H E D P  precip itate , w hich had been synthesized as described  in the 
prev ious section . T he precip itate  w as pow dery and spherical and it could be 
d isso lved  very slow ly as desorbed earlier. T he p rocedure  fo r precip itate  
p lacem ent and elu tion  w as identical to that in  the 1:1 C a2+/H E D P  precip itate. 
T he  p recip ita te  in  the m icrom odel w as form ed in  pow edery  and spherical 
partic les situated  in  both pore bodies and pore throats. T he saturated  solution 
in itially  in  con tact w ith  the precip itate  w as sw ept from  the m icrom odel. The 
high H E D P  concen tration  initially show ed in the elu tion  curve (see F igures 
4 .17, 4 .19 , and 4.21). T he release o f  phosphonate  from  the 2:1 precip ita te  was 
dom inated  by a very  slow  dissolu tion  rate as com pared  to  the 1:1 precip itate. 
F igures 4 .18 ,4 .20 , and 4.22 show  how  slow  the phosphonate  releases from  the 
porous m edia  by 1,230 ppm  and 123,000 ppm  C aC l2 in m odel fo rm ation  w ater 
at pH = 5.5  and deion ized  w ater at pH =6.3 , respectively .
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Figure 4.17 Elution curve of 2:1 Ca2+/HEDP precipitate by 1,230 ppm 
CaCI2 model formation water at pH=5.5

Initial 60 m in 90 m in 1 2 0  m in
PV  = 0 P V =  15 PV  = 22.5 PV = 30

Figure 4.18 Sequential release of 2:1 Ca2+/HEDP precipitate from
micromodel by 1,230 ppm CaCl2 model formation water at
pH=5.5
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Figure 4.19 Elution curve of 2:1 Ca2+/HEDP precipitate by 123,000 ppm 
CaCI2 model formation water at pH=5.5

Initial 60 m in 180 m in 360 m in
PV  = 0 PV  =  15 PV = 45 PV  = 90

Figure 4.20 Sequential release of 2:1 Ca2+/HEDP precipitate from
micromodel by 123,000 ppm CaCl2 model formation water at
pH=5.5
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Figure 4.21 Elution curve of 2:1 Ca2+/HEDP precipitate by deionized 
water at pH=6.3

Initial 60 m in 90 m in 180 m in
PV = 0 P V =  15 PV = 22.5 PV =  45

Figure 4.22 Sequential release of 2:1 Ca2+/HEDP precipitate from
micromodel by deionized water at pH=6.3



39

4.3.1 Effect of Precipitate Molar Ratio on the Release Process
B y com paring the release characteristics o f  both 1:1 and 2:1 

C a2+/H E D P  precip ita tes from  the m icrom odel, the d iffe ren t precip itate  
properties w ere favorable  in enhancing the treatm ent lifetim es. For the 1:1 
C a2+/H E D P  precip ita te , the m orphology w as such that strong pore th roat plugs 
could  form  to slow  the release o f  phosphonate  and enhance the squeeze 
lifetim e although the dissolu tion  rate w as relatively  high. F or the 2:1 
C a2+/H E D P  precip ita te , the dissolu tion  rates w ere su ffic ien tly  slow  so that the 
elu tion  curves had  long tails, w hich is extrem ely  beneficial fo r im proving  scale 
treatm ents.

F rom  all o f  the elu tion  curves obtained from  this study, although 
changing  the elu tion  flu ids from  no calcium  am ount in deion ized  w ater to there 
w as som e calcium  in  the m odel form ation w ater, bo th  1:1 and 2:1 C a2+/H E D P  
precip ita tes still perform ed the sim ilar m anner in  their ow n releasing 
processes.

4.3.2 Effect of Calcium on the Elution of Ca2+/HEDP Precipitates
T he effect o f  calcium  played an im portan t ro le  in  enhancing  the 

treatm ent life tim e o f  H E D P phosphonate. T he elu tion  resu lts from  the 
m icrom odel experim ent also show ed the agreem ent da ta  o f  the H E D P release 
o f  both  1:1 and 2:1 C a2+/H E D P  precip ita tes w ith  1,230 ppm  and 123,000 ppm  
o f  C aC l2 in the m odel form ation w ater. T he h igher the calcium  concentration  
in  the m odel form ation w ater w as applied , the m ore enhancem en t squeeze 
lifetim e w as obtained.

A s can be seen from  Figure 4.23, for the release o f  H E D P from  the 1:1 
C a2+/H E D P  precip itate , the longer treatm ent lifetim e can be achieved by 
in troducing excess am ount o f  calcium  cation  in the m odel form ation water.
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Figure 4.23 Effect of calcium on the HEDP release of the 1:1 Ca2+/HEDP 

precipitate in micromodel

In case o f  the 2:1 C a2+/H E D P  precip ita te  as show n in  F igure  4 .24, the 
results cou ld  not see m uch difference in the elu tion  curve fo r enhancing  the 
phosphonate  life tim e bu t one can notice that fo r e lu ting  the p recip ita te  w ith
123,000 ppm  o f  C aC l2 in the m odel form ation  w ater, the re lease  o f  H E D P 
above the m in im um  effective concentration  can be  p ro longed  w hen  com pared 
to the use o f  1,230 ppm  o f C aC l2 in the m odel form ation  w ater. It can be 
concluded  that the h igher calcium  concen tration  still g ive the longer treatm ent 
life tim e fo r the 2: 1  precip itate.
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Figure 4.24 Effect of calcium on the HEDP release of the 2:1 Ca2+/HEDP 
precipitate in micromodel

4.3.3 Effect of Calcium and pH on the Elution of Ca2+/HEDP 
Precipitates
G enerally , pH  is alw ays one o f  the m ost im portan t e ffects on the 

d isso lu tion  process. B rine w ater in jected  in to  oil fie lds norm ally  has a pH  
around 6 . H ence, in  this study, deionized w ater w ithout calcium  w as adjusted 
to have a pH  o f  6.3 w hich  w as then used as an elu tion  flu id . A s be  show n in 
F igures 4.25 and 4.26, deion ized  w ater is the w orst elu tion  flu id  to enhance the 
longer lifetim e o f  phosphonate  for both precip itates. T here are tw o com bining 
reasons to be considered  to explain  these results. F irst, a h igher pH  causes 
m ore d ifficu lty  to d isso lve the precip ita te  out from  the m icrom odel and hence 
it results in the low er release o f phosphonate  from  the m icrom odel. The 
second effect o f  calcium  cation  is one o f  the m ost vital param eters in this
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elution  as w ell. F rom  the results, the p rom inent effec t should  com e from  the 
am ount o f calcium  ra ther than the pH  effect because the pH  o f  bo th  deionized 
w ater and form ation  w ater is not a big  d ifference w hile the concen tration  o f 
calcium  in these elu tion  fluids is clearly  seen in  high d istinction . A s previous 
explanation , the excess calcium  cation  in elu tion  flu ids could  d isso lve both  1:1 

and 2:1 C a2+/H E D P  precip ita tes slow er than the less calcium  cation  am ount. 
This is the reason  w hy the m odel form ation w ater contain ing  123,000 ppm . 
C aC l2 is the best elu tion  fluid, to give the longest tail o f  e lu tion  curve.
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Figure 4.25 Effect of calcium in elution fluids on the 1 ะ! Ca2+/HEDP 
precipitate in micromodel

Precipitate : 1:1 Ca"+/HEDP 
Injection Rate : 0.05 ml/min 

—A - FW.ooca : [CaCl2] = 123,000 ppm , pH = 5.5

FW , Ca : [CaCl2] = 1,230 ppm , pH = 5.5 
■  Deionized Water ะ [CaCl2] = 0 ppm , pH = 6.3

[HEDP] MEC — 5 ppm
A . A
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Pore V olum e

Figure 4.26 Effect of calcium in elution fluids on the 2:1 Ca2+/HEDP
precipitate in micromodel
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