¢ Desalination and Water Treatment
www.deswater.com

() doi: 10.5004/dwt.2023.30192

316 (2023) 258-266
December

Fouling on aluminum-brass and titanium tube surface in environment of
low-temperature multi-effect distillation for desalination

Shuhua Zhou?, Tao Lu?, Bing Ni*>', Shengqiang Shen®, Xue Chen**
“Beijing University of Chemical Technology, Beijing 100029, China, emails: xchen@buct.edu.cn (X. Chen),

2022400195@buct.edu.cn (S. Zhou), likesurge@sina.com (T. Lu)

"China ENFI Engineering Co., Ltd., Beijing 100038, China, email: 378459679@qq.com
“Dalian University of Technology, Dalian 116024, China, email: zzbshen@dlut.edu.cn

Received 28 July 2023; Accepted 28 November 2023

ABSTRACT

Fouling on aluminum-brass tube and titanium tube in concentrated salt solutions are investigated
with various calcium ion concentration and magnesium-to-calcium ion concentration ratio. The
test tubes were placed in an environment with constant-temperature of 70°C and then the foul-
ing depositions at different time points were accurately quantified throughout the 63-h process.
Besides, the morphology and composition of the surface fouling were detected by scanning elec-
tron microscopy and energy-dispersive X-ray spectrometer to identify the fouling crystal type. The
results show that the titanium tube surface has a better anti-fouling performance compared with
aluminum-brass tube. The mass increment of fouling deposition does not show a positive correla-
tion with calcium ion concentration, rather it is influenced by the presence of magnesium ions and
the type of surface material. We also found that the magnesium-to-calcium ion concentration ratio
largely affects the fouling deposition, therefore, adding a certain proportion of magnesium ions
to the solution can effectively reduce the fouling.

Keywords: Fouling deposition; Magnesium-to-calcium ion concentration ratio; Aluminum-brass tube;

Titanium tube; Crystallization

1. Introduction

Fouling as the accumulation of salt crystal deposited
on the liquid-solid surface is a ubiquitous phenomenon in
numerous industrial fields, such as thermal desalination
[1-3], wastewater treatment [4,5], highly-salty chemical engi-
neering [6-8]. Fouling on metal surface can largely increase
the thermal resistance and influence the flow field, which
reduces the heat transfer performance, system efficiency
and equipment service life [3]. The type of fouling substance
typically found on heated surfaces depends on the fluid
passing through that surface. In thermal seawater desali-
nation, typical fouling substances comprise calcium car-
bonate, magnesium hydroxide and calcium sulfate. Factors
that affect fouling deposition include tube material, ion
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concentration, temperature, surface roughness and surface
energy etc. [1,2,9-11].

Previous studies have investigated the fouling rate vari-
ation with the heat exchangers wall temperature. Alsadaie
& Mujtaba [2] and Yang et al. [12] found the fouling rate
increases with the surface temperature through the multi-
stage flash desalination dynamic model and seawater foul-
ing dynamic model. However, Ni et al. [13] pointed out
that the fouling deposition increases with the increasing of
salinity at 70°C, which differs from that at 80°C and 90°C.

The tube material significantly affects the crystallization
of fouling. Teng et al. [14] experimentally investigated the
fouling amount for several metal surface and obtained the
order of anti- fouling performance, from the best to the worst,
is stainless steel, brass, carbon steel, aluminum, and copper.
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Kazi et al. [15] also found the fouling amount on aluminum
is larger than that on brass, and even larger than that on
stainless steel. Furthermore, Oon et al. [16,17] demonstrated
that the titanium coating on stainless steel heat exchanger
surface can effectively decrease fouling. Al-Otaibi et al.
[18] observed that the anti- fouling performance of coated
carbon steel is better than that of titanium tube.

Several studies focused on the fouling evolution pro-
cess, Kim et al. [19] divided CaCQO, fouling process into three
stages based on microscopic observation: induction stage,
uniform generation stage of crystal nucleus and uniform
growth stage of fouling. Mwaba et al. [20] conducted CaSO,
crystallization experiments on a plate and observed that the
crystal growth rate increases with the increasing of surface
temperature. Moreover, either decreasing the fluid velocity
or increasing the supersaturations can lead to the narrow-
ing of induction period. Jiang et al. [21] showed that adding
alkali to oilfield injection water can shorten the induction
period of fouling nucleation and accelerate the formation
of crystal nuclei.

CaCO, fouling crystallization can be mainly classified
into three forms: aragonite, calcite and vaterite. Kitamura
[22] studied the effect of Mg* ion on the precipitation of
CaCO, crystals in CaCl, and Na,CO, mixed brine. Their
results showed that Mg* ion could be adsorbed on the sur-
face of calcite, causing lattice distortion and promoting cal-
cite crystallization. Shen et al. [23] experimentally studied
the fouling morphology of aluminum-brass tube surface in
80°C brines with different concentrations of Mg* and Ca*".
The results indicated that an appropriate amount of Mg*'
ion can induce CaCO, formation of scattered irregular crys-
tals on the aluminum-brass tube surface. Peyghambarzadeh
and Bahrami [24] stated that the fouling rate increases
sharply with increasing calcium sulfate concentration based
on Taguchi algorithm.

Surface roughness and surface energy also closely rel-
atives to the fouling amount. Lei et al. [25] and Kazi et al.
[26] found that the large surface roughness leads to the
faster crystallization rate. Kazi et al. [26] and Jiang et al.
[27] believed that the fouling on metal surface prefers to
deposit on surfaces with larger surface energy.

Generally, although the phenomenon of fouling on
metal surfaces has been extensively studied, research on
fouling in low-temperature multiple-effect evaporators
with the influence of Ca* and Mg* ion concentrations
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Fig. 1. Schematic diagram of experimental process.

on fouling remains relatively limited. Therefore, a thor-
ough investigation was conducted to analyze the influence
of magnesium-to-calcium ion concentration ratio on the
fouling morphology, as well as the comparison of fouling
deposition between the aluminum-brass and titanium tube
surfaces. This paper aims to pave the way for enhance-
ment of anti-fouling in environment of low-temperature
multi-effect distillation (MED) for desalination.

2. Apparatus and methods

Fig. 1 illustrates the schematic diagram of the exper-
imental process. The test tubes with length of 20.0 mm,
out-diameter of 25.4 mm and thickness of 0.7 mm were suc-
cessively cleaned by ethanol and water prior to the experi-
ments. The ion concentrations of the solution immersing the
metal tube were determined by the ratios of the following
six salts: NaCl, Na,SO,, CaCl,, MgSO,, MgCl,, NaHCO,, as
listed in Table 1. The beakers containing tubes and typical
solutions were placed into a thermostatic water bath with
constant temperature of 70°C. The tubes were retrieved and
weighed three times each 24 h. Prior to weighing, the tubes
underwent dissolution and rinsing by deionized water in
order to remove the soluble salts. Finally, the weight vari-
ations were measured by an electronic analytical balance.
The whole immersion time was last for 63 h (not including
measurement duration). After the experiments, the foul-
ing on the tubes were observed and detected by scanning
electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy. All the cases were carried out for no less than
3 times to ensure the repeatability.

The information of relevant apparatus and tube mate-
rials are listed in Tables 2 and 3, respectively. Titanium
tubes and aluminum-brass tubes are applied in these
experiments since they have been extensively used in hor-
izontal tube falling film multi-effect-distillation for desali-
nation with their good anti-corrosion and heat transfer
performance [15,16].

3. Results and discussion

3.1. Comparison between aluminum-brass and titanium tubes

Fig. 2 shows the mass variation of fouling deposition
on the aluminum-brass and titanium tubes with cases 4,
10 and 16 in Table 1. (Case 16 has a salinity of 10%, which
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Table 1
Ion concentrations
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Case Ca* (mol/L) Mg? (mol/L) Na* (mol/L) Cl- (mol/L) SO (mol/L) HCO; (mol/L)
1 0.304 1.1331
2 0.209 1.3231
3 0.019 0.152 1.4371
4 0.0912 1.5587
5 0.0665 1.6081
6 0 1.7411
7 0.4 0.9291
8 0.275 1.1791
? 0.025 02 13291 1.610 0.081 0.0071
10 0.12 1.4891
11 0.0875 1.5541
12 0 1.7291
13 0.512 0.6911
14 0.352 1.0111
15 0,082 0.256 1.2031
16 0.154 1.4079
17 0.112 1.4911
18 0 1.7151
gilg)lsrizmental apparatus 0 O Cased Alumin.um_brass
{ O Case 10 Aluminum-brass
A Case 16 Aluminum-brass
Apparatus Model Accuracy .64 O Case 4 Titanium
PH meter . PH838 0.01 pH “\g 19 g:zz 12 E::E:EE _ ooo O
Electronic analytical balance =~ LICHEN FA224C 0.1 mg %D 12 . o
Thermostat water bath LICHEN LC-WB-6  0.1°C TE’
Scanning electron microscopy Quattro S - g O o o 6 0 O o
Energy disperse spectroscopy Octane Elect - 5 0.8 O
E le) g g @ S| 8
Table 3 § 0.4 7 ° 8 ;
Tube materials a @ A AN A AoA A A
A A AN A A A AN A
Test tube Material Ra (um) Surface energy 004 B
model (m]/m?) o 10 20 30 40 50 e 70
Aluminum-brass tube HAI177-2 0.579 20.56 Time (h)
Titanium tube TA1 0.571 18.64

is equivalent to the concentrated natural seawater used
in this experiment). The fouling deposition on titanium
tubes in the three cases were all smaller than that of alu-
minum-brass tubes. The mass of fouling deposition on
the aluminum-brass tubes is approximately 2.04, 1.26 and
3.41 times larger than that on the titanium tube surface in
cases 4, 10 and 16, respectively. The difference is caused by
the two reasons: Firstly, the titanium surface has a lower
surface energy, which means the fouling crystals are more
difficult to be absorbed on the surface. Secondly, the tita-
nium surface readily forms a denser titanium dioxide (TiO,)
layer compared with the aluminum oxide (ALQ,) layer of
aluminum-brass surface [27].

Fig. 2. Mass increment of fouling deposition for aluminum-brass
and titanium tube.

The SEM images for case 16 of aluminum-brass and
titanium tube are shown in Fig. 3, respectively. The crys-
tal layer on aluminum-brass is continuous and thick since
the CaCO, crystals are interconnected in the form of cal-
cite forming cohesive crystalline structure. In some regions
uncovered by the CaCO, calcite crystal layer, plate-like
Mg(OH), crystals can be observed.

Due to the supersaturation of Mg(OH), crystal is lower
than that of CaCO, crystal, Mg(OH), crystal preferentially
grows on the metal surface. Then, the CaCO, crystals are
adsorbed on the Mg(OH), crystal surface, thereby facilitat-
ing the Mg(OH), agglomeration. The synergistic deposition
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of both two crystals has resulted in a substantial increase in
fouling on the aluminum-brass tube surface. To be greatly
differ from aluminum-brass surface, the CaCO, crystals
distributes dispersedly and discontinuously on the tita-
nium tube surface, however, no other crystal forms can
be observed. Attributed to the low surface energy of the
titanium tube, both Mg(OH), and CaCO, exhibit limited
deposition on the surface of the titanium tube. Obviously,
the titanium tube surface has a better anti-fouling perfor-
mance compared with aluminum-brass surfaces.

3.2. Effect of calcium ion concentration

The comparison of cases 6, 12 and 18 aims to exam-
ine the influence of Ca® ion concentration on the fouling
deposition without Mg*. The cases of 4, 10 and 16 have the
same magnesium-to-calcium ion concentration ratio, which
are used to obtain the influence of calcium ion concen-
tration on fouling in the presence of Mg*".
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3.2.1. Comparison without magnesium ion

The fouling deposition does not always increase with
Ca* ion concentration, as shown in Fig. 4. Fig. 4a indi-
cates the Ca*" ion concentration of 0.032 mol/L has the larg-
est 63-h mass increment of fouling deposition on alumi-
num-brass tube (nearly reaches to 0.6 mg/cm?). Combined
with Fig. 5¢, the aluminum-brass surface with Ca* ion
concentration of 0.032 mol/L has smaller crystals, but these
small-sized crystals form a thicker and denser crystal layer.
In the interstices of the crystal layers in Fig. 5c, tiny calcite
calcium carbonate, acicular anatase-type calcium carbon-
ate and spherulitic calcium carbonate are observed. At a
calcium ion concentration of 0.025 mol/L, the crystal layer
thickness is thinnest among these three concentrations and
a considerable amount of smaller spherulitic calcite can be
observed in the interstices, as shown in Fig. 5b, with the
minimum 63-h mass increment. The crystal layer thickness
with concentration of 0.019 mol/L is between that of 0.025
and 0.032 mol/L, as does the corresponding mass increment.

(b)

Fig. 3. Scanning electron microscopy images of fouling on (a) aluminum-brass and (b) titanium tube (case 16).
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Fig. 4. Effect of calcium ion concentration without Mg* ion (a) aluminum-brass tube (b) titanium tube.
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Unlike aluminum brass tubes, the calcium carbonate
crystals on the surface of titanium tubes have not formed
continuous crystal layers and the predominant crystal
structure is calcite in all three concentrations. Their mor-
phologies are quite similar, as shown in Fig. 5d—f. The crys-
tal distribution density at 0.025 mol/L is slightly higher
than the other two, resulting in a slightly greater mass
increment of fouling deposition, as shown in Fig. 4b.

In conclusion, the influence of calcium ion concentration
on fouling deposition is highly complex, which involves sur-
face type and participant ions. Ultimately, the mass incre-
ment of fouling deposition dominated by crystal size, crystal
type, crystal distribution density and crystal layer thickness.

S. Zhou et al. / Desalination and Water Treatment 316 (2023) 258-266

3.2.2. Comparison with same magnesium-to-calcium ion
concentration ratio

Fig. 6 illustrates that the fouling deposition on the
surface of aluminum-brass and titanium tubes generally
decreases with the Ca? ion concentration when magne-
sium-to-calcium ion concentration ratio R is 4.8. As for tita-
nium tube, the difference between Ca? ion concentration
0.019 and 0.025 mol/L is marginal.

At calcium ion concentration of 0.019 mol/L, the calcium
carbonate calcite crystals on aluminum-brass surface are
larger and more regular. However, the crystal size slightly
decreases when the concentration is 0.025 mol/L. While
calcium ion concentration reaches 0.032 mol/L, the fouling

Fig. 5. Scanning electron microscopy images of fouling on aluminum-brass tube without Mg* ion (a) Ca* =

0.019 mol/L,

(b) Ca* =0.025 mol/L, (c) Ca* = 0.032 mol/L and titanium tube (d) Ca? = 0.019 mol/L, (e) Ca* =0.025 mol/L, and (f) Ca* = 0.032 mol/L.
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Fig. 6. Effect of calcium ion concentration with same R (a) aluminum-brass tube and (b) titanium tube.
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shows continuous, irregular and smaller-sized calcite crys-
tals, as shown in Fig. 7a—c. The crystal form on titanium
surface under the concentration of 0.019 mol/L also shows
a larger size and more regular morphology but no small
calcite crystals are observed. Similarly, the crystal with the
concentration of 0.025 mol/L has a slightly smaller size but
accompanying calcite crystals. This might account for the
relatively minor differences observed between 0.019 and
0.025 mol/L. However, at a calcium ion concentration of
0.032 mol/L, the fouling on titanium surface exhibits discon-
tinuous, small-sized calcite crystals.

As the concentration of calcium ions increases, there is
an unexpected decrease in the fouling formation. This phe-
nomenon can be attributed to the rising magnesium ion
concentration although the magnesium-to-calcium ion con-
centration ratio remain the same. Evidently, the absolute
concentration of magnesium ions exerts an inhibitory effect
on the fouling. Magnesium ions influence the calcium car-
bonate crystallization, particularly the calcite growth rate,
leading to the generation of distinct crystal types [28-31].
Mg?" inhibits regular calcite growth by incorporating into
the CaCO, lattice since Mg* ions partially replace Ca* ions

Table 4

Cases with different R
Case R
6,12,18 0
511,17 3.5
4,10,16 4.8
3,9,15 8
2,8,14 11
1,7,13 16

and occupy the lattice positions necessary for the normal
growth of crystals [32,33]. The instable CaCO, crystals with
Mg?" ions embedded exhibit internal stresses. Consequently,
cracks and fractures are developed in the crystals, leading
to splitting into small, cracked calcite, as shown in Fig. 7f.

In a word, due to the significant increase in magnesium
ions, which enhances the probability of occupying calcium
ion sites, it induces lattice distortion in calcium carbonate
crystals, resulting in irregular crystallization and reduces
fouling deposition.

3.3. Effect of magnesium-to-calcium ion concentration ratio

According to Section 3.2 — Effect of calcium ion concen-
tration, appropriate concentrations of Mg? ion can reduce
the fouling deposition on aluminum-brass and titanium
surface. Therefore, in this section, the effects of 6 different
magnesium-to-calcium ion concentration ratios on the foul-
ing deposition were performed based on three calcium ion
concentrations, as listed in Table 4. In order to minimize the
influence of different ion strengths on the fouling deposi-
tion, solutions with similar ion strengths were used in the
experimental tests. The ion strength I calculated by Eq. (1):

I :%Zmz2 1)

where m refers to the mass molar concentration and
z represents the valence.

Fig. 8 shows the effects of magnesium-to-calcium ion
concentration ratio on 63-h mass increment of fouling depo-
sition with different Ca?" ion concentrations. According
to Fig. 8a, it can be observed that the cumulative foul-
ing deposition of Ca* ion concentration ratio 0.019 and
0.025 mol/L shows a trend of initially increasing and then

Fig. 7. Scanning electron microscopy images of fouling on aluminum-brass tube (a) Ca* = 0.019 mol/L, (b) Ca* = 0.025 mol/L,
(c) Ca* =0.032 mol/L and titanium tube (d) Ca* =0.019 mol/L, (e) Ca* = 0.025 mol/L, and (f) Ca?" = 0.032 mol/L.



264 S. Zhou et al. / Desalination and Water Treatment 316 (2023) 258-266
2.0 12
(a) — 00— Ca®*=0.019 mol/L (b) — 00— Ca®*=0.019 mol/L
NE Ca*=0.025 mol/L NE —0O— Ca?*=0.025 mol/L
5 1.6 Ca>*=0.032 mol/L 3} Ca®"=0.032 mol/L
an O 60 0.9
g o— \ g
= =
. / é, .
o [}
& O \ 5 0.6 4 /
g \ g O
v 1]
2 0.8 3 5
g g e
1% 1% g
2 o340 \
= 0.4 / = O
= O = O
g = O \O
= =) )
O | ©)
0.0 0.0 4
T T T T T T T T T T
0 4 8 12 16 0 4 8 12 16

Fig. 9. Scanning electron microscopy images of fouling on aluminum-brass tube with different R at Ca*" ion concentration of
0.032 mol/L (a) R=0, (b) R=3.5, (c) R=4.8, (d) R=8, (e) R=11, and (f) R =16.

decreasing with the increasing R. In our experimental range,
the cumulative fouling deposition on the aluminum-brass
tube surface is minimized at R = 16 and maximized round
R = 8~12. Similarly, the minimum cumulative fouling
deposition on the titanium tube surface with Ca® ion con-
centration of 0.019 and 0.025 mol/L is observed at R = 16,
while that reach the maximum at R = 4.8, as shown in Fig. 8b.

For both titanium and aluminum-brass tubes at a Ca* ion
concentration of 0.032 mol/L, the fouling deposition expe-
riences two reductions with increasing of R in this experi-
mental range. Combining Figs. 9 and 10, it can be observed
that the first reduction appears at around R = 3.5~4.8 due

to a decrease in the number of large-sized crystals and an
increase in small-sized crystals. Subsequently, the second
drop occurs at R approaching 16 since crystals became
even more sparse and discontinuous.

Therefore, the addition of Mg* ions can obviously
reduce the fouling deposition on both the aluminum-brass
tube surface and titanium tube surface and obtain the
corresponding crystal form. In conjunction with Section
3.22 - Comparison with same magnesium-to-calcium
ion concentration ratio, it is also found that the significant
fouling inhibition occurs only when the absolute Mg ion
concentration reaches a certain threshold.
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Fig. 10. Scanning electron microscopy images of fouling on titanium tube with different R at Ca* ion concentration of 0.032 mol/L

(@)R=0, (b) R=3.5, (c) R=4.8, (d) R=8, (e) R=11, and (f) R = 16.

4. Conclusions

In this work, the effects of calcium ion concentration
and magnesium-to-calcium ion ratio on the fouling deposi-
tion and crystal morphology have been investigated on alu-
minum-brass tube and titanium tube in the environment of
MED desalination. The results of this experiment demonstrate
the fouling crystal types on the surfaces of aluminum-brass
and titanium tubes in the MED environment under various
conditions, providing references for effective fouling removal
in subsequent stage. Additionally, the study illustrates that
different magnesium-to-calcium ion ratios have a significant
impact on the crystal morphology and quality of fouling,
therefore offering a strategy for fouling inhibition in MED
desalination. The conclusions are summarized as follows:

e The titanium tube surface is less prone to the formation
of continuous crystals. Thus, it exhibits better perfor-
mance in anti-fouling compared to aluminum brass.

e The mass increment of fouling deposition does not
show a positive correlation with calcium ion concentra-
tion. It also depends on the presence of magnesium ions
and the type of surface material.

e Under constant calcium ion concentration, the addition
of a certain amount of magnesium ions can effectively
reduce the fouling deposition.
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