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ABSTRACT

Groundwater is essential for agriculture in the Canary Islands. For example, in Gran Canaria 47.7%
of water demand for agricultural purposes is taken from groundwater and in Tenerife 162.7 hm®/year
are also taken from wells. In water desalination processes, water recovery is one of the most important
indexes for reverse osmosis (RO) system design. This article aims to estimate the maximum recovery
levels for RO systems, based on the scaling potential of the sparingly soluble salts shown in the
chemical analysis. The required input data are the chemical composition of the feedwater, its pH
and temperature range. Both islands were divided in different areas as the water composition can
vary considerably. More than one hundred groundwater wells were analyzed to know the inorganic
composition. This composition of the feedwater plays an important role in the operation of a brackish
water reverse osmosis system since it may be responsible of extra cost due to scaling. The silica, cal-
cium carbonate and calcium sulphate are the most commonly found salts in the groundwater of Gran
Canaria and Tenerife. In most cases, silica had the highest effect on recovery limits. The results showed
some cases where the maximum flux recovery was barely around 60% even using specific silica anti-
scalant. This has a considerable impact on the viability of the process. The calcium carbonate was also

an important limiting factor in most of wells.
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1. Introduction

The aim of this paper was to propose a simple algo-
rithm to estimate the maximum water recovery in differ-
ent regions of Gran Canaria and Tenerife Islands (Spain)
using a simple algorithm. Maximum water recoveries were
calculated considering the scaling potential of feedwater.
In this region, brackish water sources are usually ground-
water; these groundwaters can be naturally saline aquifers
or groundwater that has become brackish due to seawater
intrusion or other factors like overuse or irrigation. Brackish
waters can have a wide range of total dissolved solids (TDS)
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(1,000-10,000 mg/L) and are typically characterized by low
organic carbon content and low particulate or colloidal con-
taminants. Brackish waters can vary widely from source
to source; an important factor in the reverse osmosis (RO)
system optimization is the inorganic composition of the
feedwater.

In the Canary Islands, groundwater is considered a water
source for agricultural purposes. Fig. 1 shows the well dis-
tribution in the Gran Canaria Island but there is no map
of groundwater wells available in Tenerife Island. Public
administration of both island established groundwater bod-
ies taking into account qualitative criteria (Figs. 2 and 3).

Each groundwater body has been studied by analysing
the inorganic composition of different wells. With increased
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Fig. 1. Groundwater wells in Gran Canaria [1].

g

T ES70GC002
ES70GC001 :

[PLS) i
I ——

ES70GC006

Fig. 2. Groundwater bodies in Gran Canaria [1].

product water recovery, the concentration of inorganic spe-
cies near the membrane surface rises and, beyond a critical
recovery level, can exceed the solubility of sparingly soluble
mineral salts (e.g., silica (Si0O,), calcium carbonate (CaCO,),
calcium sulphate dihydrate (denoted simply as CaSO,), bar-
ium sulphate (BaSO,), strontium sulphate (5rSO,) and cal-
cium fluoride (CaF,)).

The scaling potential of these salts will depend on their
concentration in the feedwater (chemical analysis), on the
pH value, the temperature, the RO system’s recovery and
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Fig. 3. Groundwater bodies in Tenerife [2].

on the solubility limits of the respective salts. As one of the
main limiting factors in RO despite the advancements in anti-
scalant chemistry [3-11], scaling has been studied by many
authors [12-22], even working on new scaling potential index
for a single salt [19,20]. Marwan et al. [22] worked on a sim-
ple code for the estimation of scaling potential of sparingly
soluble mineral salts. This code was tested with experimen-
tal data. Al-Shammiri et al. [21] proposed a simple code to
estimate the scaling potential showing to be more accurate
than Marwan’s equations. The Al-Shammiri’s equations for
the CaSO,, BaSO,, SrSO, and CaF, solubility product (K_)
were used in this work. Al-Shammiri used the Stiff and Davis
Saturation Index (S&DSI) to estimate the calcium carbonate
scaling. But for brackish water the Langelier Saturation Index
(LSI) should be used instead of S&DSI, which is usually used
for seawater. In the proposed algorithm both saturation
indexes were implemented.

The determination of the silica scaling is very complex.
Semiat et al. [23] reported minor inhibitory effects by four
antiscalant tested. Hater et al. [24] checked the effectiveness
of 13 antiscalants for silica was measured at different pH val-
ues between 7.6 and 9.0 and with silica concentrations from
120 to 275 mg/L. Two of the antiscalants investigated in that
paper had a significant antiscaling effect for silica. Other
authors [25,26] have studied pretreatments to prevent sil-
ica scaling increasing the water recovery. The specific price
increase due to this sort of pretreatments should be evalu-
ated and compared with the antiscalant prices to check the
viability.

Usually the maximum water recovery is a boundary con-
dition that should be calculated before the RO system design.
The designer has to use antiscalant manufacturer software
to estimate this limiting factor to be taken into account in
the membrane manufacturer software. This work proposes
an algorithm, which can be implemented in an RO system
design software, to estimate the maximum water recovery
considering the theoretical inhibitory potential of products
of different antiscalant manufacturers. The user can set mar-
gins of safety in terms of saturation limits allowing more
flexibility. This software was used considering more than one
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hundred inorganic composition of groundwater wells in the
islands of Gran Canaria and Tenerife. It gives relevant infor-
mation about the maximum water recovery capacity in dif-
ferent areas of each island.

2. Material and methods
2.1. Groundwater inorganic composition

It was possible to get a water analysis from different
groundwater wells in Gran Canaria, but in Tenerife just
ranges per groundwater body. All information about ground-
water inorganic composition was given by public adminis-
tration (“Consejo Insular de Aguas de Gran Canaria” and
“Consejo Insular de Aguas de Tenerife”).

The inorganic composition of groundwater in both
islands is shown in Table 1 (wells located in different
groundwater bodies) and Table 2 (ranges per groundwater
body). The samples were collected and analyzed in 2009
(Gran Canaria) and 2006 (Tenerife). The inorganic compo-
sition of groundwater in both islands can vary considerably
due to location. The TDS are in a range of 79.1-16,933 mg/L
and 68.6-4,935 mg/L in Gran Canaria and Tenerife, respec-
tively. Some chemical analyses in Gran Canaria Island were
not taken into account due to no silica concentration deter-
mination or inconsistent values. The fluorine concentration
was not collected in Gran Canaria but it was collected in
Tenerife where it is a serious problem [27]. A temperature
between 20°C and 24°C was considered due to the unavail-
ability of the data.

2.2. Procedure and equations
The following considerations were made in this work:

e Use of scale inhibitor’s parameters (Genesys™ LF and
SI, Vitec™ 3000 and 4000, Chemtoax™ PC191, HS40 and
AS80, Pure Aqua™ PA0100) (Table 3). Note that for the
Genesys™ products the ranges for the power of inhibi-
tion of silica are 180-240 ppm for LF and 350-400 ppm
for SI. Averages values were considered, 210 ppm and
375 ppm, respectively.

e Temperature range between 20°C and 24°C was
considered.

e Ideal membrane performance in terms of salt rejection.
This is equivalent to considering a CO, rejection rate of
0%, and the rest of the compounds in the feedwater a
rejection rate of 100%.

® RO systems without using acid in the pretreatment.

The selection of antiscalant products was focus on SiO,
and CaCQ, inhibition as it is the main concern in this region.
In some cases, the power of inhibition for other compounds
was not available and it was supposed the same as it is not
relevant for the inorganic compositions studied. The third
consideration assumes a theoretical membrane performance
which might appear unreal in its conservatism but which, in
practice and from the perspective of the analysis of possible
scaling, is not so far from the reality if it is taken into account
that, as a result of the effect of concentration polarization on
the membrane surface, there is a higher concentration of salts
than for the reject flow.

Scaling potential of SiO, [28], CaCO, [29,30], CaSO,,
BaSO, SrSO, [31] and CaF, [21] were taken into account to
calculate the maximum water recovery in RO using different
scale inhibitor:

e calculation of the maximum water recovery for there to
be no silica scaling;

e calculation of the maximum water recovery for there to be,
along with no silica scaling and no calcium carbonate scaling;

e calculation of the maximum water recovery for there to
be, along with no silica scaling, no calcium carbonate
scaling and no calcium sulphate scaling;

e calculation of the maximum water recovery for there to
be, along with no silica scaling, no calcium carbonate
scaling, no calcium sulphate scaling and no barium sul-
phate scaling;

e calculation of the maximum water recovery for there to
be, along with no silica scaling, no calcium carbonate
scaling, no calcium sulphate scaling, no barium sulphate
and no strontium sulphate scaling; and

e calculation of the maximum water recovery for there to be,
along with no silica scaling, no calcium carbonate scaling, no
calcium sulphate scaling, no barium sulphate, no strontium
sulphate scaling and no calcium fluoride scaling.

Before proceeding with the actual calculations, the con-
centrations in the feedwater must be known of the following:

e cations in mg/L: calcium [Ca], magnesium [Mg], sodium
[Na] |, potassium [K] |, barium [Ba], and strontium [Sr];

e anions in mg/L: carbonates (0 mg/L), bicarbonates
[HCO3]j, sulphates [SO4]J, nitrates [NO3]j, chlorides [Cl]f
and fluorides [F];

* others: silica [SiO,], (mg/L) and pH; and

e temperaturesin °C: minimum (T_, ), mean (T __,)and max-
imum (T

max)'

2.2.1. Silica
Carbon dioxide [CO,] content estimation in the feed:

HCO,”
[Coz]f = [10(lmf36.3:)|f (1)

Maximum soluble silica concentration for the minimum tem-
perature ([SiO,] ) and pH ranging between 7 and 7.8 [28,32]:

[SiO, ] =21.T, +75 )

It is calculated the maximum concentration factor (CF,_ )
for silica concentration in the reject water to be [SiO,]

r-max”

cp L2LT, 75

max = W 3)

It is calculated in mg/L as CaCO, the expected concen-

tration of bicarbonates in the reject water ([HCO, ] . ..,), for
the above concentration factor:
[HCO; :|r—CaCO3 - [HCO; :'f—CaCO3 "CF )



DN
o

A. Ruiz-Garcia, |. Feo-Garcia / Desalination and Water Treatment 70 (2017) 3445

«ﬁmE:ESQUv

9/ 00968 200 - 000F  00€29C 069 00'TEE 00°CIT 00'9¢ 0029%'T  00°26 00'8CC (62) 900090254

'8  007TLLE - - 00€F  00T9T  00°CST 00%£9 00°6€% 00°€E 00'658 00'18T 00°€TT

'8 0068 - - 00€9 0068 019 00'CS 00'99¢ 06'8 00°€6 00'9¢ 00'6€

¥/ 00807 20 - 0024  0008%C  00°8T 00'90Z 00TS0'T  00°TE 00°£S2 00°LLF% 00°€9S

6L 00€I6T - - 006§ 00006 0078 00'9CT 00961 00'1C 00F1C 00°SHT 0042

9/ 00TT6E - - 0076  008STC  0F'8 00'10T 00°£8T 00'4C 00°0€€ 00'10% 00°01S

78  00°865 - - 0000T  00°TOT 089 00'%¢ 00'86¢ 0¥'6 00201 00'9¢ 00'1€

S 0088C8 - - 0098  00%90F 0091 00°CI¥ 00°€8T 00'9¢ 00'60S 00°€9Z 00'6¢8

TL  00°€86'91 - - 0069  00THO0T  00°'1C 00TZ0'T  00°€ET 00°6Z 00452 008IZT  00°919°L (91) S00DD0254

¥ 081081 - - 00€L  00°ISH 00°STT 00'81¢C 00°06€ 00'CC 00°09€ 00°0Z 00°0Z

g9 00°€6H'T - - 0098 0026 0081 00°€H 00'946 0081 00'69T 00'16 0048

¥ 00£50T - - 0068  00°T8T 00'9¢ 00°6. 00°THE 00T 00°£5¢C 00°0€ 00'8T

€L 0L69¢T - - 00TZ  007%CE 00'2L 00°6€T 00°04€ 0061 00'90€ 00'8¢ 00CE

89  00°€89'TT 100 20°0 0079  00'S99'S  00°ZZT 00'8¢Z 00°65€ 00°€8 00'68€'T 00026 00°CH6

9/ 00°9SZ - - 0078 00°6Z 00'8TT 00°4ST 00°€8T 0091 00'6€T 00'LC 00°2€

TL 0808LT - - 0078  009€€ 00°20T 00'9€% 00'18% 00°0¢ 00'82€ 00°LL 00°€8 (11) 00090454

¥.  0SEEHE 100 - 0079  00'SSTT 00008 00'76C 00°££9 00'%¢ 00'1%6 0028 00°L%

¥/ 00601 - - 00€0T  00'6ZF1  00'%S 00'F%€ 00292 00'6% 00'€98 00°0ST 00'IST

69 009€€°C - - 00€L  00°TZ¥ 00'29 00°01T 00°CEL 00°0¢ 00°SL¥% 00'CL 00'1S

79 01'79¢T 91°0 - 0001 00661 00°CL 00°€9T 00019 00°€1 00'8ET 00°S8 00°£0T

L9 00THE 1€0 - 009¢T  00°ZS8 00°ST 00'65€ 00£2¥'T  009C 00'%L% 00'14T 00°€1C

¢9  04€20C 87°0 - 0029  007%EE 00°LL 00'1S€E 00'95Z 00'6€ 00728 0061 00°€E

SL OUTEET - - 006F  0062C 00'TLT 00'8€€ 00'1CC 00'8¥% 00'2LT 00°2L 00'€6

LL 00'6LL7T - - 00ZF 00818 00'861T 00'%8¢€ 00°€8€ 00 00°€HS 00'20T 00'4CT

g9 0£696C 600 - 00801 00°Z6€'T  00°9€ 00°SzE 00SP0'T  00°Z€E 00298 00981 00291 (81) €00090454

89  0TLPLT - 20°0 00€L 000 00'89T 00'8%¢ 00°6SH 00°¢H 00'8€€ 00'CL 00°£9

8L 00669'T €90 - 005 007009 - 00'F9T 00'9£€ 00'TE 00'TLE 00'6S 00'66

8/ 00/85C - - 00€S  00°€€8 00'10C 00°L1S 00'9%¢ 00°Se 00°LE 00'TFT 00'98T

79 007/8T2 100 - 0098  00799C 00009 00°0S9 00'60S 00'8S 00T9%'T  00'66% 00'88¢€ (11) 200090254

¥9  00LI€C $5°0 - 00CIT  00°6EF 00°£9 00'F€T 00TFE'T 0002 00°69¢ 00°0ST 00°6ZT

89  09'1L9T 060 - 00201 00°18T - 0026 00860'T  00°9C 00 %51 00'8TT 00°21¢C

€L 00FEFL - - 0079  00TZEE  00°S61 00°0SZ 00209 00'%% 00680°T  00°9SS 00'95S

89 00'116T - - 0068 00°SST 00'%0¢ 00'18T 00°6€9 0021 00°69¢ 00°06 00'69

7L 00°865°C - - 0014  00°T6L 00'69T 00°6Z€E 00€6C'T  00°ST 00259 00'89T 00°6LT

69 00°STLT - - 0014  000S¥ 00°€9T 00°2¥¢C 006<I'T 0002 00°65S 00°20T 00°6Z

69 00659 - - 0014  00TT0E 0029 0095 00'TTZ 00°0% 0000C'T  00°'6¥F 00°£0%

¥/ 0SF68°C - - 0095 00618 00" 14T 00'THE 00°688 00'CC 00092 00°20T 00°€8 (91) 100090254
(syurod Gurdures)

Hd saL un CE| ‘018 D “ON ‘os “0DH S BN N 2D Apoq I1epempunoin

[1] erreue)y uerny ur 10yempunoid jo uonisodwod sruediouy

I 21qeL



A. Ruiz-Garcia, |. Feo-Garcia / Desalination and Water Treatment 70 (2017) 3445

38

(panuyuoD)

I'Z  000Z€ 01°0 - 00'26 0061 012 00°CL 00%0¢C 089 00'4T 0061 00'ST
'8 00SHC - - 00°0% 00'I¢C 06’1 00°6E 00°0CT 082 00'T¥% 078 00'T1
08  009¥%C - - 00'6% 00'SC 0091 00°CL 00'£CT 00'6 00'8T 046 00°0¢C
6Z 00991 - - 0069 0091 0r's 0%'9 0096 05T 00°€T 00°CL 0071
8/  00°65L 100 - 00°0% 00Ce 09°¢ 00CE 00°STS 0011 00'89 007 00°0Z
8/ 0086 - - 00'1Z 00 00'1€ 00°€T 00'S6 0£'8 00°0€ 00°0T 0081
9/ 00°85C - - 0025 00'8¢ 00'8C 0061 00CIT 09'9 00'6€ 08 00°LT
8/  00°€HET - - 00°cE 00°THE 00°0% 00°€6T 00'%5¢E 00'CT 00'68¢ 00'29 00'1S
€L 00€ET'T - - 00'68 00'F€T 00'1C 00'F1T 00°££S 0071 00°€ST 00'1€ 00'6¢
9  00°SPEC 009 - 00T 00°0ST 08'F 00°£9€ 00F9T'T 0091 00°€ST 00°SLT 00'91¢C (8£) 600090254
8/ 00°€6C°E - - 00'€9 00'656 00'70€ 00°0£9 00°€0% 07’6 00'19% 00'%5T 00'Z€T
8/ 00060 - - 00'9€ 00'9€8 00°ST 00'69Z 00°06¢ 00'F1 00" ¥ 00'10T 00°€TT
¥, 00205C - - 00°9% 00%59 00'1€C 00'CH9 00'T¥¢ 00°ST 00°6%€ 00°9%T 00'¥%2C (6) 800090454
6L OUFHHT - - 00'29 00'89S 002 00701 00°£ST 0081 00'81€ 00'6€ 00°6S
08  006FST - - 0092 00'85€ 00°20T 00°€0C 00'8H¥ 04'G 00'90¢C 00'8LT 00%0T
08 00TIST - - 00'18 00°02 00°2¥¢C 00°69¢€ 00'64¢C 089 00TIC 00'19T 00%CT
08 00°7S9 - - 00°€8 00°6CT 00'Z€ 00°9 00°SF¢ 0£'€ 00'901 00°0% 00'9€
g/ 0S€ITe - - 00'65 00'898 00T 00'9ST 00°0ST 00°LT 00'F9% 00°9 00°€8
'8 09586 - - 00"LF 00'94C 00'1€ 00'%0T 00°0ZT 00°€C 00991 00°€H 00°€E
8/  00°0SLT - - 0029 00'62S 00°¢9 00°€TT 00°€ST 00°€T 00'1ST 00'96 00'90T
8/ 0£968'T - - 00°SS 00°069 00°€T 00°6CT 00°€LT 0081 00'TTH 00'F% 00'9
€L 0879CT - - 00'99 00°SHF 05T 00'19 00961 099 00°£6T 00'8S 00°0Z
8L 09LLLT - - 00'1S 00670'T  00°CE 00'F€C 00'TLT 0091 0099 00°09 0008 (£1) 200090254
S 00€LTF - - 00°0% 00€0CC  0€9 00°60€ 00'8TT 00'8C 00TFI'T  00°TZT 00'2ST
'8 00796 - - 00'19 00'6€€ 01'e 00°09 00'T¥¢ 00°CI 00'2LT 0091 00°0¢
¥, 00266 - - 00°€9 00'TH 0S¥ 0008 00'9CT 00°CL 00'9€C 00'9¢ 00°SS
'8 000L0°1 - - 00°€9 00°02€ 01 00'%9 00°2€€ 00°CL 00'90€ 00°ST 0091
8/ 0066 100 - 0025 00°9%% 09°€ 00°€8 00'6CT 00°€L 00'92C 00'6€ 00'6S
¥ 00FSTT 100 - 00'86 00'81¥ 09T 00'48 00'¥6€ 00°€L 00'81C 00°59 00'88
'8 00€29°C - - 00°0% 00°€26 00°€6 00°SHF 00%0€ 00'TC 00%£9 00'86 00°60T
6L 00099 - - 007 00'70¢C 00'6T 0079 00691 09'S 00'T9T 00'9T 00'9¢
9/ 00°SL£T - - 000IT  00°T98 00°€L 00'THE 00'9€€ 00'Ce 00'F€S 00'61T 00'68
LL 00881 - - 00'8% 00'8€/ 0011 00761 00'68¢C 00'TC 00'Z8% 00'CS 00°09
8/ 00TLIT - - 00°€S 00°L9% 00'6 00°€0T 00'T0C 09'6 00°08¢ 00'9¢ 00'9
08  00°TH'T - €00 00°€9 00'71S 092 0048 00921 0021 00°LLT 00°€S 00'%S
€/ 00656 91°0 - 0051 00°6¥L - 00'%S 00°€SS 00'%¢ 00'61€ 00'FIT 00°CHT
08 0T66CT - - 00'2S 00°01€ 00°¢8 00°£9T 00'%0€ 08'6 00°€€T 002 0092
'8 00ST'T - - 00'1¥ 00761 012 00'60T 00°L6% 08'F% 00°02€ 0011 00'F1
€/ 00SI6T €00 - 00'8% 00°€L6 00°S 00'IST 00°£8 00°€1 00129 00°0C 00'9%
€/ 00660T - - 09F% 00°€9€ 051 00'8€ 00'99€ 0011 00'89T 00'65 00'88
(syurod Surdures)
ud saL un CE| ‘018 ip) “ON ‘os “ODH K| BN SN 28D Apoq 1ojempunorn

(panunuoD) 1 d1qeL,



39

A. Ruiz-Garcia, ]. Feo-Garcia / Desalination and Water Treatment 70 (2017) 3445

89 V4911 ¥'1-C0 0¢-1I¢ 6Cl—-6C  LI911-CLE 0911-0'8¢ VL2911 Le=L1 81-9% ac-11 LV—11 (9) $00410£54
89 £98-9¢1 £’01-¢0 76-1¢ GLL'T-1T  ¥0I1-¢'8 07cLe-0CL £98-9¢1 101  T8S'T-19 €01 98101 (ST) €00:4.L0£54
89 LI T-119 £=£0 €LY Ye-Cc £'8-CC 06Te-06€  TILT-119  601-F¥ cer—60¢C 48-6¢ 9911 (8) 200410458
89 £T1'1-9'89 1-T0 901-61 yac—¢ 06710 060I-<'T SLI'1-0S 84—C 0¢e—<1 €6—0 £8-0 (1€) 10040054
(syurod Surdures)
Hd saw | ‘oS D “ON ‘os “OdH i BN 2SN 2D Apoq iapempunord
[2] #jtrouay, ur reyempunois jo (saduer) uonisodwod sruediouy
C9lqeL

LL  00'8VL €C0 - 0074 00'891 00C 009¢ 00'TLE 09 00'%0¢ 099 0091

L 0LY8L - - 00ce 00CLL 0006 00°8LL 00°s¥¢ 096 00991 00'T¢ 009¢ (8) 0100090454

€L 00819 910 - 0099 0094 08°Z 0078 00°qLe 06'9 00°¢L 00°0¢ 000

9  087¢cs 6C0 - 00°Z01 00°¢C - 029 00°94¥ 0r'6 00°¢e 00°LE 0029

99 00°€48°C 00T - 00¢L 00°£¢1 - 00'681 00'064°T 00729 00895 00°es 00°e8

L 00°I€T - - 00°cs 00°ClL orsg 00¥ 00'82 00¥ 00CL 06'L 098

a8 0L'Tvy <00 - 00°¢L 00°0¢ 08'¥ 0€9 00'60% 00°¢l 0092 000¢ 00°8¢

¥9 00201 480 - 0066 0061 - 00°CL 00926 00'¥¢ 00°99 0089 00°evl

gz 007Cle - - 00°€s 009¢ 00¥¢ 00°Cc 00¥¥1L 08 004y 086 00°¢c

LL  00'9Ce - - 00°€8 00°TL 00¥ 029 0081¢ 0081 00'T¥ 008 0061

L 00968 100 - 0008 00°9¢ 00°¢CL 00°ClL 00079 099 00°¢s 00'69 00729

9L 080I¢ - - 00°C8 00°s¥y 0097 00°0% 00¢8 0€9 00°2¢ 0091 00ce

09 000¢9 00C - 0056 004t 092 089 00'6%S 0071 00°8% 00F¥ 0092

9L 0U'¢9l - 200 0099 00'%¢ 00°¢C 009 00729 09y 007ce 089 00'TL

€L 00478 100 - 00°'TOL 00°£¢1 006 00'8¢ 00°s¥¥ 00°¢lL 00°0LT 00°9¥ 0009

gL 007T¢C - - 0074 00¥¢ 00ce 009l 00'62 0€9 00°£¢ 0001 0041

'8 004¢t - - 0099 00°¢C 0071 00¥ 00°0< 0ce 00'6L 009 (N

gL 00'66€ 700 - 00C8 009¢ 00'TE 009¢ 007c0C 0001 00°cy 00'T¢ 00'TE

8L 00CLL - - 00¢8 0041 00l 00¥ 00°96 0ce 00°eL 00°'TL 009l

79 06'€89 650 - 00°'T¢L 00'8¢ - 0csL 00019 00°TL 00¥%¥ 004y 00°96

08 007C8¢ - - 00¥4 00'Ts 00°4¢ 00'T¢ 007221 004 00°19 0091 00°¢C

99 009911 00°C - 006 00 %% 00°TT 00'TS 00¥4L 0061 00°801 009% 00CLL

19  067v6¥ 8¢0 - 00crlL 00°9¢ 00°Z1 0¢'8 00°26€ 096 00°0¥ 00°0¢ 00°8¢

8L 00'99¢ - - 0099 00y 00°0C 00°TL 0001 org 0067 0re 0¢'8

8 00481 - 900 0005 00’16 00°Cs 00°6C 0T1 00ce 00CT 06'8 0Ly

79 0L€9 - - 00°€0T 0048 00°€T 00F¥ 00%5¢ 00°€T 00C8 00¥¢ 00Cs

'8 0061 - - 00°¢e 0041 07’8 06'9 00'86 0Ly 00°2¢ 08¢ 009

L 09661 - - 0094 00'¥¢ 0041 0071 0076 029 00'8¢ 08°Z 00°¢lL

qL  09TZL - - 0004 0061 00t 089 00°86 08¢ 00°eL 0001 006l

09 0L'6Z - - 0086 0079 00l 00°¢C 00°08< 00°'TL 0096 00Cs 00°9S

(syurod Surduues)
Hd saw un o1 ‘015 1D “ON ‘os  ODH X BN 2SN 2D Apoq irempunoin

(panuyuoD) 1 91qeL,



40

Table 3
Antiscalant characteristics
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Salt Theoretical power of inhibition
Genesys LF  Genesys SI Vitec 3000 Vitec 4000 PC191 HS40 AS80 PA0100
CaCO, LSI<2.6 LSI<24 LSI<3 LSI<25 LSI<2.6 LSI<25 LSI<27 LSI<28
CaSO, 35K, 35K, 35K, 35K, 35K, 35K, 35K, 35K,
BaSO, 105K, 105K, 105K, 105K, 105K, 105K 105K, 105K,
SrS0, 20K, 20K, 20K, 20K, 20K, 20K, 20K, 20K,
CaF, 1,000-K, 1,000-K, 1000-K,  1,000K, 1000-K,  1L,000K, — 1000K 6 — 1000K_
SiO, 210 ppm 375 ppm 120 ppm Two- saturation 217 ppm 325 ppm 175 ppm 120 ppm
Expected pH value in the reject water for the above con- \
centration factor: p- [HCO;J “log 5 %0 (14)
o | [Heo ]
r-CaCO;,
[HCO;, |
pH, =6.3+log s ®) If TDS_ < 6,000:
ISSH! S
log(TDS, )-1
The pH coefficient (C) for estimation of the maximum  C= M -13.12x log(TmaX + 273.15) +34.46 (15)
silica concentration level in the reject water: 10
17 < pH, g0, < 7.8:C, =1 ©) If 6,000 < TDS, < 10,000:
If pH,<7:C, = 1819~ (0.117 - pH.) @) C=0.2778-13.12xlog (T, +273.15)+34.46 (16)
T P T
If TDS, > 10,000, S&DSI is calculated:
If pH,> 7.8 :C ;= 0.47 -0.0006 - ** ") ®)
S&DSI=pH_-pHs, (17)
Concentration factor required to obtain the maximum
silica concentration level in the reject water: where
21-T__+75 N -
o =Tsi0] O ©  pHs =p-[C] +p-[HCO ] 4K a9
io, |,

Required conversion in % to obtain the above concentra-
tion factor:

1

R, =100xCIé“1;7X_ (10)

ma:
max

2.2.2. Calcium carbonate

To evaluate the saturation of CaCO,, two saturation
indexes were used, LSI [29] and S&DSI [30]. For the LSI
(TDS, <10,000):

LSI=pH, - pHs, (11)
where pHs  is the reject water saturation pH value:

pHs =p—[Ca™ | +p-[HCO, | +C (12)
where

2+ 105
p-[ Ca™ | =log| — (13)
-]
r-CaCO;,

The parameter K depends on the temperature and ionic
strength (IS):

_1 2
Isf—EZmif -z, (19)

where m, is the molal concentration of the ion I in the feed-
water and z, is the charge of the ion i.
IS =IS, -CF,__ (20)

The parameter K was fitted by the following third-degree
polynomials [33]:

K,, =1.3944.(IS,)* - 4.8733-(IS,)* + 4.8189 - (IS,) +2.28 ~ (21)
K,, =1.4389-(IS,)’ - 5.0767 - (IS,)* + 5.0578 - (IS,) + 2.06  (22)
K,.=1.5861-(IS,)* —5.4283-(IS,)* +5.2222-(IS,) +1.96 ~ (23)
K, =1.3417-(IS,)> - 4.7350-(IS,)* + 4.7933-(IS,) + 1.87  (24)
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The antiscalant manufacturer did not establish a limit for
the S&DSI, so the LSI was also used for TDS, > 10,000.

2.2.3. Calcium sulphate, barium sulphate, strontium sulphate
and calcium fluoride

The calcium sulphate scaling tendency level is verified
fortheR _:

The ionic product of the calcium sulphate in the reject
water:

CF CE
IPr—CaSO4 = |:(SO4 )f ’ 96,8‘8)2):| ’ [(Ca)f . 40,6‘;(0:|

The solubility product of the calcium sulphate in the

(25)

reject water (K_. ) [21,31]:

K, 50, = 0.0016 (18, )*" (26)

o IfIP .., 08K .., The addition of scaling inhibitor
is not necessary.

o If0.8K .o, <IP, oo < (manufacturer data) K ., The
addition of scaling inhibitor is necessary.

e If (manufacturer data)K .., < IP .., The R is
reduced.
Similarly, for BaSO;;:

The ionic product of the calcium sulphate in the reject
water:

CF CE
IPr—BaSO4 = |:(SO4 )f ’ 96,88)2):| ' |:(Ba)f ' 137320:|

The solubility product of the barium sulphate in the reject
water (K _, .,) [21,31]:

27)

K. pso, =710 (15 )" (28)

e IfIP , ., <0.8K ;.. The addition of scaling inhibitor is
not necessary.

e If0.8K .., <IP ..., < (manufacturer data)-K , .. The
addition of scaling inhibitor is necessary.

e If (manufacturer data)K .., < IP , ... The R is
reduced.
Similarly, for SrSO;;:

The ionic product of the strontium sulphate in the reject
water:

IP g0, = {(804 ), (29)

CFmax :| . ':(SI') . CFmax :|
96,000 f 87,620

The solubility product of the calcium sulphate in the

reject water (K .,) [21,31]:
K. g0,=1-107 (15,)"" (30)
o IfIP ¢, <0.8K ., The addition of scaling inhibitor is

not necessary.

o If0.8K ., <IP (oo, < (manufacturer data)K . ,. The
addition of scaling inhibitor is necessary.
¢ If (manufacturer data)-K ., <IP . TheR _ isreduced.

Similarly, for CaF, [21]:
The ionic product of the strontium sulphate in the reject
water:

CF CF
s |0 ][0 s

e IfIP ., <4x10". The addition of scaling inhibitor is not
necessary.

e If4 x10M<1IP .,
addition of scaling inhibitor is necessary.

e If (manufacturer data) K ., <IP . ..TheR__isreduced.

(G20)

< (manufacturer data)-K The

r—CaF2"

3. Results and discussion

The maximum water recoveries for Gran Canaria and
Tenerife Islands using different antiscalant products are
shown in Tables 4 and 5, respectively. In Gran Canaria and
Tenerife the main limiting compound of the maximum
water recovery is silica, followed by calcium carbonate.
In general, the most appropriate scale inhibitor was the
Genesys™ SI since most of maximum recovery flows (~60%
in Gran Canaria) were obtained with this product. The values
obtained with this product are very close to those achieved by
Chemtox™ HS40, since they are products with similar char-
acteristics (Table 3). For the groundwater bodies in Tenerife,
Genesys™ SI would be the most appropriate product for the
lowest concentrations margin and Chemtox™ HS40 for the
highest concentrations margin. But with both products simi-
lar water flux recoveries were achieved as the power of inhi-
bition for silica is very high and the LSI is quite acceptable for
the studied water inorganic compositions. When the concen-
tration of the calcium carbonate is very high not having con-
cern about silica, products like Vitec™ 3000, Chemtsx™ AS80
or Pure Aqua™ PA0100 showed to be quite appropriate con-
sidering the economic point of view as these kinds of prod-
ucts are often cheaper than specific silica inhibitors. In some
cases theses maximum water recoveries are not achievable
due to capability of the groundwater intakes which involve
RO system (arrangement) restrictions [34]. The recoveries
calculated in this works are an estimation, usually it is used
as a safety margin due to the operating conditions or expe-
rience with this sort of products since the main drawback of
antiscalant products is the degree of uncertainty in terms of
solubility limits and dosing. Some authors [35,36] use an LSI
< 2.5 for Vitec™ 3000 instead of 3, the power of inhibition of
Genesys™ SI was reported for concentrations of silica higher
than 300 mg/L [37].

4. Conclusions

Maximum water recoveries of different groundwater
bodies in Gran Canaria and Tenerife Islands were calcu-
lated using a simple algorithm and taking into account
the scaling potential of SiO,, CaCO,, CaSO,, BaSO‘L SrSO,
and CaF, using different kind of antiscalant products. The
algorithm also allows the user to fix the solubility limits
below those established by the different manufacturers
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Table 4
Maximum water recovery in Gran Canaria

Groundwater Maximum water recovery (%)

body Genesys LF  Genesys SI ~ Vitec 3000  Vitec 4000  PC191 HS40 AS80 PA0100

ES70GC001 73 75 53 77 74 77 68 53
66 73 41 70 67 75 59 41
66 81 41 70 67 78 59 41
66 69 41 70 67 71 59 41
60 77 29 64 61 74 51 29
67 62 47 65 67 65 63 47
49 71 11 54 51 67 39 11
47 70 7 54 48 66 36 7

ES70GC002 59 77 28 65 60 74 51 28
75 71 56 73 75 73 70 56
73 73 53 75 74 75 67 53
65 81 39 69 66 78 58 39

ES70GC003 49 71 10 55 50 67 38 10
77 73 61 75 77 75 73 61
77 82 59 83 77 84 72 59
68 82 44 71 69 79 62 44
40 66 - 46 42 61 28 -
38 65 - 48 40 60 26 -
65 81 39 69 66 78 58 39
51 71 14 56 53 68 41 14
70 82 47 75 71 80 63 47

ES70GC004 60 78 30 64 61 74 52 30
60 78 30 68 61 74 52 30
70 74 47 73 71 76 63 47
66 81 41 70 67 78 59 41
58 76 26 62 59 73 49 26
59 77 28 64 60 74 51 28
65 81 39 70 66 78 58 39

ES70GC005 67 70 43 71 68 72 61 43
59 66 28 66 60 68 51 28
52 73 17 72 54 69 43 17
55 68 22 63 57 71 46 22
74 69 54 71 73 71 69 54
57 50 36 54 57 54 56 36
69 77 46 79 70 79 63 46
68 63 64 65 68 65 70 64

ES70GC006 81 80 67 81 82 81 77 67
85 82 89 84 85 84 86 87
77 87 60 81 78 85 73 60
77 73 66 75 77 75 77 66
75 73 57 75 76 75 70 57
30 61 - 37 32 55 16 -
70 80 48 82 71 81 64 48
75 81 56 82 76 82 70 56
77 81 60 82 78 82 73 60

(Continued)
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Table 4 (Continued)

Groundwater Maximum water recovery (%)

body Genesys LF Genesys S Vitec 3000  Vitec4000  PC191 HS40 AS80 PAO0100
48 71 8 56 49 66 37 8
79 86 63 87 80 86 75 63
72 68 67 70 72 70 74 67
53 74 18 58 55 70 44 18
73 84 53 82 74 82 67 53
70 82 48 83 71 81 64 48
70 83 48 75 71 81 64 48
71 83 49 84 72 81 65 49
81 80 67 82 82 82 77 67

ES70GC007 76 81 58 82 76 82 71 58
69 82 45 72 70 80 62 45
74 82 54 83 75 83 69 54
68 76 44 78 69 78 62 44
78 82 61 83 78 83 73 61
72 84 51 78 73 82 66 51
60 78 31 75 62 74 53 31
61 70 33 72 63 72 54 33
64 66 37 68 65 69 57 37
70 82 48 81 71 81 65 48

ES70GC008 78 78 62 79 79 79 74 62
78 74 70 76 78 76 79 70
69 63 48 66 69 66 64 48

ES70GC009 35 63 - 44 37 58 22 -
58 76 26 62 59 73 49 26
82 79 71 80 82 80 80 71
73 85 53 80 74 82 67 53
66 81 41 77 67 78 59 41
77 73 67 75 77 75 77 67
67 82 43 79 68 79 61 43
77 87 59 87 77 85 72 59
81 89 67 89 82 88 77 67
56 75 23 61 58 72 47 23
53 74 18 61 55 70 44 18
67 81 42 73 68 78 60 42
64 80 38 74 65 77 57 38
84 91 73 92 85 90 81 73
51 73 14 58 53 68 41 14
76 87 58 88 77 85 71 58
74 85 54 83 75 83 69 54
32 62 - 44 35 56 19 -
56 75 23 61 58 72 47 23
65 80 38 78 66 77 58 38
42 68 - 50 44 63 31 -
61 78 32 72 62 75 53 32
61 78 32 67 62 75 53 32
73 85 53 86 74 83 68 53

(Continued)
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Table 4 (Continued)
Groundwater Maximum water recovery (%)
body Genesys LF Genesys SI ~ Vitec3000  Vitec 4000  PC191 HS40 AS80 PA0100
65 80 38 71 66 77 58 38
52 73 16 57 53 69 42 16
69 82 45 76 70 80 62 45
55 75 21 62 56 71 46 21
61 78 32 69 62 75 53 32
62 79 33 66 63 75 54 33
60 78 31 70 62 74 53 31
75 86 56 81 76 84 70 56
53 74 18 59 54 70 43 18
66 72 40 74 67 74 59 40
75 86 56 83 76 84 70 56
66 81 40 69 67 78 59 40
49 71 11 57 51 67 39 11
73 85 53 77 74 83 68 53
ES70GC0010 75 85 57 83 76 84 70 57
65 80 38 74 66 77 58 38
Table 5
Maximum water recovery range in Tenerife
Groundwater Maximum water recovery (%)
body Genesys LF  Genesys SI  Vitec 3000  Vitec 4000  PC191 HS40 AS80 PA0100
ES70TF001 91 95 84 92 91 94 89 84
50 56 12 59 51 59 39 12
ES70TF002 80 89 65 83 81 87 76 65
47 38 39 42 47 42 51 39
ES70TF003 90 94 83 91 90 94 88 83
55 49 22 53 56 53 46 22
ES70TF004 90 94 83 91 90 94 88 83
81 78 75 79 81 79 82 75
since the experience is key to set the mentioned limits and  References

dosage. Because silica was the most limiting compound in
the studied feedwaters, the Genesys™ SI and Chemtox™
HS40 were the most appropriate antiscalant products to
be used from the scaling potential point of view. The spe-
cific silica antiscalant are more expensive than others. To
choose a proper antiscalant other factors than maximum
water recovery such as antiscalant cost, dosing and water
needs should be taken into account. The water flux recov-
ery has a tremendous impact in the efficiency of brackish
water reverse osmosis desalination. In RO system design,
it is important to consider the maximum recovery as it
plays a relevant role in the possible arrangements, operat-
ing conditions and efficiency of these systems.
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