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Application of AMF Process for the Removal Boron
from SWRO Permeate Water and Recovery of Boron
from Seawater

Jung, Sungsu

Department of Civil and Environmental Engineering

Graduate School of Korea Maritime University

Abstract

In this study, we have developed an efficient technique to remove boron
from SWRO permeate water (1.51 mg B/L) and recover it from seawater (4.5
mg B/L) based on the adsorption membrane filtration (AMF) process. CRB05, a
commercial boron selective resin (BSR) produced in Mitsubishi chemical Co., is
used as an adsorbent. The commercial BSR (300-850um) is grinded to make
fine-grain BSR with diameter 10-3000um. The performance by the fine-grain
BSR is compared with that by the commercial BSR without grinding for each
process of AMF (boron adsorption by BSR, boron desorption from saturated
BSR using acid, and regeneration of BSR using base). In the process of boron
adsorption from SWRO permeate water, the optimal performance is achieved
at 1 g/l of BSR/solution ratio, 150 rpm of stirring speed, and 10 min of
reaction time by using the fine-grain BSR, which results in maximum
adsorption capacity of 11.68mg B/g BSR. Particularly the reaction time using
the fine-grain BSR is shortened by 6 times compared to the commercial BSR.
Furthermore, the adsorption capacity is increased by 3 times. In the process

of boron adsorption from seawater, on the other hand, the optimal

- Vil -



performance occurs at 0.1 g/l of BSR/solution ratio, 100 rpm of stirring
speed, and 5 min of reaction time by using the fine-grain BSR, where the
reaction time is 60 times shorter than that by the commercial BSR. In the
meantime, there is no noticeable difference between SWRO permeate water
and seawater in the efficiency of boron desorption from saturated BSR using
sulfuric acid and hydrochloric acid. The optimal concentration and volume of
sulfuric acid are 0.0bM and 1.6L/kg-BSR, respectively, while those of
hydrochloric acid are 0.25M and 2.2L/kg-BSR, respectively. Up to 100% of
boron is desorbed under the optimal conditions. It is found that both
commercial and fine-grain BSRs can be reused with only +3% of variance in
the efficiency of adsorption. The desorbed boron in acid solution is solidified
into B(OH); by heating and cooling. In addition, the solid boron is formed as
sodium borate and calcium borate by reacting with NaOH and Ca(OH),,

respectively, at 140C.
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TEE §EHA Jdon, Astr T FFidE mF
gE50] Qrh F8H Ao i BOH:S BOH & ZAsH pH, A%,
25, g W wet I F&o] ZEpxlt. 53] pHAl W& W3yt bR
A Yep=t], 4AHd@H 8 olshYd oW & BOHxZ=E &A1t <2 d(pH
9 o)hY wWE EE BOHW'E E=AFcHfig 2.1). 20CY o 249 &%
= 48.7g/LE wwA =3 pKal=9.27, pKa2=14 o] oz FZo =o} 9= 2

< ] 4stE AEHE B ¢ doH, AESHH wste] dig A
7k ZAHE b glth(Table 2.1).

Table 2.1 Solubility in water as H3;BOs;

Temperature Percent By Weight Of Grams Per Liter

°C Saturated Solution Of Water
1 2.70 27.7
10 3.52 36.5
20 4.65 48.7
30 6.34 67.4
40 8.17 88.3
50 10.23 112.6
60 12.97 146.5
70 12.75 182.8
80 19.06 228.8
90 23.27 292.8
100 27.53 364.1
*x103.3 29.27 395.6
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Fig. 2.1 The distribution of boric acid and borate in seawater by the changes of each
parameter. Notes. (a) pH=8, temperature=25 °C, pressure=l atm (b) pH=8,
salinity=35,000 ppm, pressure=1 atm (c) temperature=25 °C, salinity=35,000 ppm,
pressure=1 atm (d) pH=8, temperature=10 C, salinity=34,800 ppm (Hilal et al., 2011)
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HaEs 482 Bo A4 :

Table 2.2 Boron Tolerance Limits for Agricultural Crops (Hilal et al., 2011)

Tolerance Concsoitraber ¢npdkdn in Agricultural crops
Extremely < 0.5 Blackberry, Lemon
sensitive

Avocado, grapefruit, orange, apricot,
Very peach, cherry,
e 0.5 - 0.75 . .

sensitive plum, persimmon, Kadota Fig, grape,
walnut, pecan, onion
Garlic, sweet potato, wheat, sunflower,
mung bean, sesame, lupine,

Sensitive 0.75 - 1.0 strawberry,
Jerusalem artichoke, kidney bean,
snap bean, lima bean, peanut

Moderately 10 - 2.0 Broccoli, red pepper, pea, carrot,

sensitive ' ¢ radish, potato, cucumber, lettuce
Cabbage, turnip, Kentucky bluegrass,

Moderately 20 - 4.0 barley, cowpea, oats, corn, artichoke,

tolerant tobacco, mustard, sweet clover,
squash, muskmelon, cauliflower

Alfalfa, purple vetch, parsley, red

folerant 40 - 6.0 beet, sugar beet, tomato
Very

tolerant 6.0 - 10.0 Sorghum, cotton, celery

Extremely

tolerant 10.0 - 105 Asparagus




3A] Azomethine-H, Curcumin, Carmine
IH}RE o
Azomethine-H method® <& % ¢ tH(Table 2.3).

4owst 4UsE

7

Table. 2.3 Partial list of seawater B concentration analysis methods (Liu et al., 2009)

Year Authors Methods Precision (%) Accuracy (%)
Gast and Mannitol .
1958 ) ] More than +4 Not given
Thompson titration
Parker and ) )
1960 Fluorimetry +2 Not given
Barnes
Greenhalgh and ) )
1962 ] Curcumin +0.45 Not given
Riley
1971 Nicholson Nile blue A +3.5 Not given
1974 Uppstrorn Curcumin +0.9 to £1.6 0.2 to 2.6
1978 Kuwada et al. DNNDO Not given 0.6 to 1.2
1984 Oshima et al. DBC +0.67 0.9 to 3.8
Azomethine-H +0.96(Azomethine-H) ;
o
1993 Lopez et al. Curcumin +1.96(Curcumin) )
. i 7(Azomethine-H)
Carmine +6.8(Carmine)
NTIMS +2(NTIMS) Not given
1997 Susanne
ICP-OES +5(ICP-0ES)
2003 Youssef Curcumin +2.2 Not given
Sahin and
2006 . Voltammetry +5.1 4 to 8
Nakiboglu
Ramanjanetulu Chemical
2007 +5 5
et al. PGNAA
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Fig. 2.2 The cumulative contracted desalination plants by technologies until 2008
(Hilal et al., 2011)
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Fig 2.3 Flow sheet of (a) a conventional fixed bed column and (b) the AMF process
(Hilal et al., 2011)
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Table 2.4 Major boron stores national and reserves ByOs

Country Total reserves (10° ton)
Turkey 563
USA 80
Chile 41
China 36
Peru 22
Bolivia 15
Argentina 9
Total 766

B Turkey

B USA

H Chile
743 B China

m Peru

& Bolivia

= Argentina

Fig. 2.4 Major boron stores country-specific reserve percentage ByO3
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B0 o) Ade# <l o] L wd4==|(boron specific ion exchange resin, BSR)
o 98 BAiaAA 71&eL 1970dURE AEEr] AZHEd, 8gakgdelA
magnesium brine S ZHE HiFHo]l2& A|AS = Aol HZFHo|UY. BSRe F
e 2 < WA o} ZAE3} ihES o] 8% FAR FES &

PN
=] T
YA o2 ZES N3-S o] 83 BSRe FERE&o] 43 AAE &
53

e
o

ethylglucamine & #8712 3t= &3 §Hg F2FA ot

BALe thekdlk borate esterE WEV] 93
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i
o
-
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o
£
=
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2F7](multi hydroxyl group, polyols
olth). A H esters F40|2S WRUYHA w2 A BT

B(OH) , + 3ROH—~ B(OR) , + H,0 D

EW Fig 26914 22 2 WAYUSZTES 53
(Geffen et al., 2006).

OH o/H
-H;0
. .| o | --H = DF{
HO T~OH -— il - .
; o
P Ho” | “Som HO™ | "
H-0— i
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OH > <
s 4
5
e
HQ OH HO OH
R L
B— +H B H
o/ \o = o \D

Fig. 2.6 Binding mechanism of boron by NMG type chelating resin
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&34 BSR-& macroporous polystyrene TR 2] Z] A o]
N-methyl-D-glucamine Z-&712 7}x a1 vl 4839 BSRS Table 2.50] A
g 5ot Z&7|olE=  tertiary amine¥} polyole] E3FE ot} Tertiary

amine®] ¢&& BaAEA Zgo] wEold W Yok Fioles Falehe
(e}
Py

Zo]th(#] 2). N-methyl-D-glucamineoll &= 5712 $=4k7]171 dE=H, ol H49
A3 FAES EES 5t FioA Ay AAE AFFoEN H=3 e
< woEh

Table 2.5 Commercially available boron selective resins

: Mean Total
Country Polymer Function . :
Product diameter capacity
Company structure al group (4m) (eq/L)
Amberlite Macroporous  N—Methyl _
USA ™ PWA10 polystyrene glucamine 800-1200 = 0.7
Rohm & Macroporous  N—Methyl _
Haas IRA743 polystyrene glucamine 500-700 0.7
Macroporous
L —~  N-Methyl _
Japan Diaion CRBO1 Bc\)/léstyrene glucamine 300-1200 = 1.2
Mitsubishi Macroporous N=Methy|
Chemical CRB02  polystyrene— | Y 300-1200 = 0.9
Co. OVB glucamine
Macroporous N-Methy!
CRB0O3 B(\)/Iéstyrene— glucamine 350-550 = 0.7
Macroporous
> N-Methyl _
CRB05 g(\)/léstyrene olucamine 350-850 = 0.95
USA Macroporous _
Dow ’\D/lowexT BSR-1  polystyrene— Nlu'\é]:;r%le 550150 0.7
chemical DVB g
) Macroporous N-Methy!
UK Purolite S108 Bi)/léstyrene— glucamine 650+70 0.6
Purilite Macroporous _
Interna. S110 polystyrene— Nl Methyl 600+£100 0.8
Co. OVR glucamine

_’|2_
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Table 2.6 List of Overseas related studies

=
R Rt de =59
7t
=) Removal and recovery of boron from geothermal
7] Kabay et al. 2004 wastewater by selective ion exchange resins.
[ . Laboratory tests, II. Field tests.
. A submerged membrane-ion-exchange hybrid process
Yilmaz et al. 2006 for boron removal.
Removal of boron from aqueous solutions by a hybrid
Kabay et al. 2006 ion exchange-membrane process.
-Removal of boron from seawater by selective ion
Kabay et al. 2007 exchange resins.
Parschova 2007 Comparison of several polymeric sorbents for selective
et al. boron removal from reverse osmosis permeate.
Removal of boron from seawater by
Bryjak et al. 2008 adsorption-membrane hybrid process: implementation
and challenges.
Ozde;lrnr et 2010 Recovery of boron from borax sludge of boron industry.
A comparative study for boron removal from seawater
Guler et al. 2011 Dby two types of polyamide thin film composite SWRO
membranes.
0ol
& Kitano et al. 1978 = Coprecipitation of borate-boron with calcium carbonate.
Precipitation recovery of boron from wastewater by
ltakura et al. 2005 hydrothermal mineralization.
0] Thermodynamics of the dissociation of boric acid in
= Roy et al. 1993 seawater at S=35 from 0 to 55°C.
% Removal of boron from refined brine by using selective
>
= Yan et al. 2008 ion exchange resins.
) Tsai et al 2011 Boron removal and recovery from concentrated
ot ) wastewater using a microwave hydrothermal method.
Treatment of boron-containing optoelectronic wastewater
Irawan et al. 2011 by precipitation prcess.
IT
o Removal of boron from wastewater by precipitation of a
ar
2 Remy et al. 2004 sparingly soluble salt.
Jacob, C. 2007 tSeeCa}ma()tgquesallnatlon. Boron removal by ion exchange
A C. Arias et Approximate cost of the elimination of boron in
1‘11} al 2011 desalinated water by reverse osmosis and ion exchange
QI ’ resins.
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31 A8A=

3.1.1 A=

Ao ARE3F SWRO Aibre b deista 71 A Fsta dughr] A
N AFFA JAFE pilot plant FXZHE AakE GE Fx dol A
AHESERTHEI. 3.1, ©] AXA & xS n A fFE o] &t T
ks, @B gl ZE|Z+ Dow Chemical Co.o] SW30HR-380°] A&t}
SW30HR-3802] EA & Table 3.10] UelNUTE si5e] A ars)orristn
14 AHsted 24P APsAth. Ta25 HES s+ A
o

i
TEE VK A AES HEeE F A AR 4E

3.1.2 BSRAA ¥ 7}&¥

B Ao A" BSRS Al#=9¢] BSR % Total capacity7} 7F4 g
CRB05& commercial BSRZ 443}t CRB05= SWRO A4kt 3l =<}
o] Asr TAaE&dqo] AAI} ASE ofF mixer mils o] &3std W HAHF

+ ©| & fine-grain BSRZ 3t A& 3Pt

M

-
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Fig. 3.1 Photograph of SWRO pilot plant equipments

Table 3.1 Specifications of SW30HR-360

: Stabilized
g Applied Permeate
Product Part Number Ac;[,ézv e(n%ea Pressure Flow Rsate Re 'Seacltti on
psig (bar) gpd (m°/d) ](%)
SW30HR-380 135137 380 (35) 800(55) 6,000 (23) 99.7
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= 744 =Z7] BSRY %< 0.02, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5 g&® =Zelste] A=
100 mLo] E43 & z+zte] AHA H]—.Q_}\]7]-J,]_ A RAELET o] 2E7] o A
4 & o3ste] BSRY A5E EEEt AR JAFREA

1L
=3
TEE SAITY. BawE 54 Azomethine-H method §3FF=H S o] &3

Zy7y 0.1g 2o} < 500 mLoll £YU3 T 24N F
HES-AI Y HEgo] Ed & o Fste] BSRY AEE
= H

A3t BAss =AHS Azomethine-

A, AdFalT W Td:%% 100 mLell Z+Z+ commercial BSRS 0.3 g 3
3 S5AZF F<F 200 rpm ARZ] A HEEAIZITE )IF3 = S/ 500 mLol
23.9 g NaCl, 4.0 g NaxSO4, 0.7 g NaHCO;, 0.1 g KBr, 30 mg HsBO; % 3 mg
NaFs FZola(g4 1) oAl 455 mLe S/l 10.8 g MgCl, - 6H:0, 1.5 g
CaCl - 2H,O, 25 mg SrCl, - 6H20£ =A(EH2) g £ 25 £ 1o RO
AA Aol Foh BAa8&A9 B¢ S/ 500 mLell 30 mg HiBO3E = A=
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Table 3.2 Chemical composition of seawater, synthetic seawater and boric acid

solution

3= (mg/L)

Q]

21335 (mg/L)

248N (ng/L)

Cl

Na
S04
Mg
Ca

Br

19,194
11,280
2,568
1,360
428
365
51.9
4.43

16,800
10,700
5,350
1,300
400
400
400
4.8

4.5
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Al 44 A L uF

41 4dA= 4

4.1.1 SWRO A4t & 3

T A AlmOA diE AEEAS AAS A3 SWRO Abre A4 i
ol FrgE A ™
o] HE%HA 10 pphbRT $2 FE=FE B FHUTH
ppmo] ZAEFYSY ol HlE w9 e FEo|th Si%
ppmeE 7]&E9 AT (Kabay et al,
X‘]}E]O%q_.

3|42 7% (Koltuniewicz et al., 20044 AAZ EAZET w-$ A A
o7 BEMHAT s+ FLEES AS AYo| wep oFke] Aolvt yERY
A HH B AFolA ol&EHE siFAEY SAEEE 443 ppmeE A4 ES]
t}. SWRO A4k & sl A4 AxE Table 4.1 YeER AT

Table 4.1 Chemical composition of SWRO permeate water and seawater

SVRO A5 AT A EEERY
(ng/L) a4 (mg/L) 2% (ng/L)
Cl n.a. 19,194 18,980
Na 106 11,280 10,560
S04 3.8 2,568 2,560
Mg 1.87 1,360 1,272
Ca 1.00 428 400
K 8.45 365 380
Br 1.3 51.9 65
B 1.51 4.43 4.6
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4.1.2 7|8 #3513 BSRe| =84
CRB05¢] ¢Z® 1= 300-850umel ™ FEYH2 350m= o] & 33t v
7k BSR& 5313t CRB059] &8 & 54 & Table 4.20] e AT
w8t A fine—grain BSREl U=BA AFAE fig. 4.1 JERAUT. 44
W91 10-300umo] ™ FE YA -S 105.44 ime]Th

Table 4.2 Physical properties of CRB05

Shipping Total Exchange Particle Effective nggl;g?fre

Density Capacity (eq/L-R) Size (um) Size (um) C)

770 0.95 min. 300-850 350 100 max.

100 1.2

SEI‘TIFJ'ENEI’HB XESD%) T T T T TTTTIrm T T T T T T T T T T 7T
?

- Sample-1 105 .44

Cumulative distribution @31 %
(8]
[ )
Density distribution g3

= ||||||||||||||||||||

=

04 1.0 5 10 a0 100 500
padicle size/?

Fig. 4.1 Result of particle size analysis
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Fig. 4.2 Boron extraction efficiency in SWRO permeate water according to the

reaction time
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Fig. 4.3 Boron extraction efficiency in seawater according to the reaction time
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Fig. 4.4 Boron extraction efficiency in SWRO permeate water according to the
shaking speed
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Fig. 4.5 Boron extraction efficiency in seawater according to the shaking speed
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4.2.3 BSRES 2ol m}2 B4

BSRe] mPAsle] whE Hagk BSREYZFS sl xpol7t & A=
Uehgth Fig. 4.6 BW T 7R =7]¢] BSR E5F SWRO F#oe] nH]§o
1g/L o]WollA= BSR &Fel ®ste] wmzt FaFEa89 Zol7b yetuA|Rt
lg/Lold Amji= 90~95%2 E-&9 o7t Ao vpehbx] ekgrth Fig. 4.760 A
+ fine-grain BSR¥} 34=9}2] Hl&o] 2g/L oA & BSR < Wslel ujet
BAFEEEY A7l UEAITE 2g/Loldd We 90~95%= &89 Zolrt
7ol YelUA ¢kt commercial BSR¥} sf<=9t2] H]&o] 3g/L ool A=
BSR 9] ®islol| wet BAFEZEEY Ao|7t UEtUARE 3g/leldd wie
90~95%% &9 ztol7F Aol UehA &ttt SWRO F3feA o] 2 HBSR
FAFS F 7HA 2719 BSR 25 Ig/L= yelston, sjol e 2 ABSRF
2 fine-grain BSRe] 739 2g/L, commercial BSR®] 7% 3g/LZ UEMSTH
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Fig. 4.6 Boron extraction efficiency in SWRO permeate water according to the amount
resin
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Fig. 4.7 Boron extraction efficiency in seawater according to the amount resin
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4.2.4 BSR m| @73}t o3 HhFIF Wsk

BSRS mlgAskgt A HAAFEE o] SUkske Ae AT 5+ AU o]
+ BSRe| FHZA S FUIE B4 FAEdNgS ATl FUstdeS 9
u] g}, Fig. 4.89+= fine-grain BSR¥} commercial BSRe] B4 &2 vl
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Fig 4.8 BSR maximum adsorption capacity
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Fig 4.9 Boron extraction efficiency in seawater, artificial seawater and boric acid
solution according to the amount resin
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Fig. 4.10 Elution of boron from BSR according to the aclid concentration
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Fig. 4.11 Elution of boron from BSR according to the aclid volume
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Fig 4.12 XRD pattern of the produced precipitate and tricalciumborate
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Fig. 4.13 Boron extraction efficiency in SWRO permeate water and seawater according
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