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Removal of Colloidal Particles Utilizing Gelation Reaction of Sodium Alginate 
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Abslraot-A novel technique utilizing the gdafion reaction of natural polymers has been proposed for the ~eparatien 
of solid l~om liquid in difticult-to-filter colloidal suspensions. This technique is especially effective in the treatment 
of colloidal muddy water of high solid concentration, which is often produced as a byproduct of certain construction 
processes. Colloidal suspensions are mixedwith a sodium alginate solution, and this mixture is added to a calcium 
chloride solution, resulting in the entrapping of colloidal particles by the calcium alginate gel. Gel suspensions are 
then drained gravitationally, followed by mechanical expression of gel particles. Fundamental aspects of this process 
are investigated by using sodium bentonite as an experimental material. The alginate-bentonite mixture is added 
dropwise to the caldum solution. Decreasing the droplet fize of the mixture expedites gelation since the diffusion of 
calcium ions ir~o droplets detmnines the rate of gelalion reactions. Reducing the alginate content expedites expression 
of the gel since aiginate content is inversely proportional to the rate of expression. 
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I N T R O D U C T I O N  

The mud ~mler shielding technique for tunnel conslruction uti- 
lizes pressurized muddy water of  the high solid concentration in 
order to prevent leakage of ground waec. Earth drilling techniques 
for pile driving involve filling pile-holes w~h high-density muddy 
water, ~hich braces the holes against collapse while still permitting 
the extraction of excavated material. Thus, construction projects 
utilizing these types of  construction techniques must also include a 
method for disposing oflmge quantities of muddy waste~ratec. Un- 
fortunately, however, inorganic flocculants are ineffective in the 
treatment of  muddy waste~rater with a high solid-to-liquid ratio. 
On the other hand, the trealment of  muddy water by using poly- 
mer flocculants results in sticky aggregates that are di~cult to de- 
wier .  

Recently, a Japanese company [As~i  and Yukawa, 1994] de- 
veloped anew process utilizing the gelation reaction of alginate in 
the treatment of  muddy ~ e w a t e r  that has been used to good ef- 
fect st many construction sites. This process consists of the follow- 
hag procedures (see Fig. 1~ A sodium alginm aqueous solution is 
mixed with a colloidal suspension. This mixture is added to a cal- 
cium chloride aqueous solution, resulting in calcinm alginate gel. 
Colloidal particles are entrapped in calcium alginate gel_ The gel 
suspension is dehy&ated gravitationally, followed by mechanical 
expression of gel pertides. During the expression, the colloidal par- 
ticles remain in the gel_ The expressed cake is then discarded. This 
process was developed empirically, and atheoretical model has yet 
to be fully elucidated, but there are four points that are known to 
be crucial to the effectiveness of the process. 

1. Gelation reaction must occur with great rapidity. 
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Fig  1. New process for removing colloidal partideg 

2. Gravitational and mechanical dewatering must occur with 
great rapidity. 

3. Removed liquid must be clear. 
4. Content of  sodium alginate must be kept to aminimum. 

In this paper, the fimdamental characteristics of the process will 
be described. 

E X P E R I M E N T A L  

Sodium bentonite (Hohjun Kogyo, Annaka, Japan), which is 
typical of  the swelling days used in mudwater shielding construc- 
tion techniques, is used as a difficult-to-filter colloidal material. A 
bentonite suspension was mixed with a sodium alginate (Nacalai 
Tesque, 1000 cps grade) aqueous solution, and the mixture was add- 
ed ~op~dse to a calcium chloride aqueous solution by using a per- 
ist~ic pump, resulting in calcium alginate gel particles. Nozzles 
~ t h  a variety of  apertures were used to produce ~ s l e t s  with a di- 
ameter of  approximately 2 to 4 ram. The gel suspension was agi- 
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tated with propeller blades, 5 cm in diameter, for 24 h. 
The time course ofcalcinm ion uptake by the droplets was meas- 

ured to elucidate the gelation process. An alginate aqueous solu- 
tion (10-20 ml) was added ffqowise to 150ml of  calchm chloride 
aqueous solution for 30 s, followed by the sampling of supematant 
at the specified time intervals. The concentration of calcium ion 
in the supematant was determined by tilration with the reagent di- 
sodium ethy len e-diamine -telraacet ate. 

To determine the expression characteristics, the gel particles 
were pre-consofidated under a pressure of  100 kPa in a consolida- 
tion cell w~a an inner diameter of  60 mm to produce a packed gel 
bed. This bed was then expressed under the greater pressure of  
1,000 kPa (Fig. 2). The change in thickness L of the bed with time 
0o xaras measured by adial gange fitted on the cell. A compression- 
permeability test [Grace, 1953] of the bed was also conducted. 

RESULTS AND DISCUSSION 

Alginic acid is m intercellular substance found in brown alga. It 
consists of  a mannuronic acid block, a glucuronic acid block, and 
the block in ~hich mamuronic acid and gluctaxmic add are alter- 
nately connected. Alginic acid molecules are cross-linked by a di- 
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Fig. 2. Constant pressure expression test. 
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valent metal ion such as Ca?+, and gels form. 
Fig. 3 shows the relationship between the form end preparation 

conditions ofcalchm alginate gels. In this experiment, the diame- 
ter of the ~ p l e t  of an algimte solution is c~z 2 ram; the distance 
between the tip of tube and the surface of calchm chloride soh- 
tion is co. 5 ram. Gels are classified into four gronps: spherical, 
non-spherical, soupy, and micro-flocs. In the region above the sol- 
id lines in the figure, gel particles had sufficient mechanical grength 
that after the gravitational ckainage by means e r a  sieve with an 
aperture of  0.84 ram, all gel particles remained on the sieve. In 
other words, using a s o , a n  alginate solution and calchm chloride 
solution both above 1,000 ppm, one can get spherical calcium al- 
ginate gel with sufficient strength for gravitational drainage. This 
region ~11 sh~ upward, if colloidal particles are entrapped in al- 
ginate gels. 

Fig. 4 shows the percent recovery o f  bentonite particles in the 
gel compared to their total amount in the original solid-liquid mix- 
tures. Here, the concentration ofNa,  Alg in the figure implies that 
of sodium alginate in the droplets. Bentonite particles in the origi- 
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Fig. 4. Percmt r e c o v ~  of bentonite from original mixture into 
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nal mLxt~e were perfectly enWapped in the gels. To explain this re- 
sult, the colnpressibility and permeability of packed gel bed was 
measured. From the compression-permeability data, the network 
aperture of the gel was calculated. Fig. 5 shows the relationship be- 
tween a network apemue D~ and a void ratio e of bentonite-free 
gels packed in the consolidation cell. D~ was calculated from the 
following rean'angenlent of the Kozeny-Camlan equation [Camlml, 
1937 ]. 

4~ 
D, - - -  (1) 

So( 1 -e) 

=10~P~ e3 
So ~k(1 e) (2) 

where e is the porosity of the packed gel bed; So, tile specific sur- 
face area of gel network; o~ the specific hydraulic resistance of the 
bed; G, the true density of dry alginate gel; and k, the Kozeny con- 
stant (k 5 in tim study). Median dianleter of bentonite particles 
used in this study was about 2 btm. The aperture of the gel network 
was 1 bun or less and it was sufficiently slnall to entrap bentonite 
particles. This is the reason for 100% enWapment of bentonite par- 
ticles. 

Fig. 6 shows the progress of gelafion reaction. In the figure, M0 
and M~ denote the total amount of Ca :+ uptake to droplets of al- 
ginate solution at the time 0 and % respectively; D, the diffiasion 
coefficient of calcium ions in the droplets; and a, the radius of the 
droplets. In the experiment; the aqueous solution of calcium chlo- 
fide was thoroughly stined by the propeller blades. Increasing the 
rotational speed of the Nades to more than 100 r.p.m did not affect 
the time course of Ca > uptake. That is, the mass transfer resistance 
outside the droplet is negligible above tim speed. The data in the 
figure was obtained at 150 Ep.m. The solid line in the figure re- 
presmts the value from the following equation 

M~ , 6 G  1 [ Dn~O'~ 

which represents the time course of  calcium ion uptake by a 
sphere when the concenWation of calcium ions at the strface of the 
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Fig. 7. Time eom~e of average consolidation ratio U~. 
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sphere is constant [Crank, 1975]. The theory explains well the em- 
pirical results within experimental elTors. According to theory, ge- 
lation time is proportional to the square of the radius of gel particle. 
Titus, it is essential to minimize the size of the droplets of tix: al- 
ginate solution to effect rapid gelation. 

Fig. 7 compares the expression rate of packed gel beds of var- 
ious compositions. In the figure, U~ is the average consolidation ra- 
tio defined by 

L~ - L  uc - (4) 
L1 L. 

where LI and L~ are the equilibrium thickness of the gel bed under 
preconsolidation pressure and expression pressure, respectively; 
and L, the thickness at time 0~. U~ of a homogeneous semi-solid 
material is represented theoretically in the following equation [Shi- 
rato et al., 1967], 

~ { (2n 1)'='i'C~0c[ 
Uc= 1 -~__,(2n exp 4 c~ J (5) 
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Fig. 6. Ca 2+ uptake by droplets of alginate solution. 
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where co o is the total solid volume per unit cross-sectional area; i, 
the number of drainage surfaces of a compression cell; and Q, tile 
modified consolidation coefficient. In the figure, the results of ex- 
pression of pure scx:lium bentonite and calcium bentonite are also 
shown. It can be seen fi-ora tile figure that the expression rate of 
calcium bentonite is the largest and that of sodium bentonite is the 
smallest; the lower the alginate content in the gel, the larger the ex- 
pression rate. C~ in Eq. (5) is a measure of expression rate that can 
be determined by the fitting method. A larger C, implies a larger 
expression rate. The relationship between Q and composition of 
the gel is shown in Fig. 8. In accord with Fig. 7, C, increases as the 
algiuate content of the gel lessens. C~ of gels seem to be distributed 
between those of pure calcium bentonite and bentonite-fiee algi- 
nate gel, although we used sodium bentonite as an experimental 
raatefial. Incidentally, the square symbol in the figure indicates C, 
of bentonite-algmate raixture without gelation reaction. The cal- 
cium-free bentonite-alginate mixture is extremely difficult to de- 
water. Fig. 9 represents relation between equilibiitnn void ratio alKt 
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gel composition. Again, void ratios of gels seem to distribute be- 
tween those of pure calcium bentoifite and bentoifite-fiee alginate 
gel. 

Bentonite minerals are composed of hydrous aluminum silicate 
in the fonn of extremely small particles. They take up water be- 
tween their layers, causing swelling, and change the interlayer spac- 
ing according to the mineral variety. Sodium bentonite has sodium 
ions as intercalation ions, while calcium bentonite is intercalated 
calcium ions. In our experiments, scxiium bentonite particles are 
contacted with a calcium ctflcdde aqueous solution when tile ben- 
tonite-alginate mix,re  is added dropwise to the calcium solution; 
this will result in ion exchange between scxiium and calcium ions. 
Fig. 10 represents the adsorption isotherm of sodium bentonite 
with respect to calcium ions. In the experiment, sc~iium bentonite 
was mixed with a calcium ctflcdde aqueous solution of various 
concenb-ations, followed by coiNnuous s~l i tg  for 2411 Analyz- 
ing the decrease in calcium ion concentration in the supematsr~ 
we calculated tile qtkaiNty of ion exchange between Na + and Ca 2+. 

It can be seen fi-onl tile figure tilat ion exchange capacity of ben- 
tonite is ca. O.O1 mg-Ca/mg-beutonite. That is, when the concsu- 
b-ation of calcium ions in supematant is above 1,000 ppm, 100% 
of the sodium bentonite is altered to calcium bentonite. The bento- 
nite-alginate gels we prepared were always above this criterion. 
Fig. 11 shows the amount of calcium ions bounded by bentonite 
particles in bentonite-alginate gel. The amount of ion exchange of 
the bentonite l:articles in the gel is almost 0.01 mg-Ca/mg-bento- 
nite. That is, bentonite particles are perfectly converted from scxti- 
um type to calcium type, even if the bentonite particles are en- 
b-apped in gel. In otiler words, gel l:articles, in which bentomte 1 ~-- 
tides are erm'apped, are the mixtures of calcium bentonite and cal- 
cium alginate gel. The expression rates of the gels erm'apping ben- 
tonite l:articles are consequently between tilose of calcium bento- 
ixite and a bentonite-fi-ee alginate gel. Based on Fig. 8, for tile pur- 
pose of rapid removal of bermIfite particles fi-oln wasted nmddy 
water in the tunnel const]nction using the mud water shielding 
tectmique, the alginate content in gels should be reduced as much 
as possible. On the otiler hand, gels are not fcmled, if the alginate 
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content is too small. Therefore, an optimum value for the alginate 
content in the gel seems to exist. 

CONCLUSIONS 

The basic characteristics of a new process for solid-liquid sepa- 
ration using the gelation reaction of alginate have been investi- 
gated. 

1. For rapid gelation, the droplet size of the alginate solution 
should be kept to a minimum since the diffusion rate of calcium 
ions into the droplets is dependent upon droplet size. 

2. The lower the alginate content, the larger the expression rate 
of the gel. The alginate content of gels should be kept to a mini- 
mum to effect rapid removal of colloidal particles fionl dilticult- 
to-filter bentonite suspensions. 
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NOMENCLATURE 

a : radius of  gel particle [m] 
C~ : modified consolidation coefficient [In2/s] 
D : diffusion coefficient of Ca ion [m%] 
D~ : alginate gel network apemtre [m] 

e : void ratio of  packed gel bed, defined by s/(1 - s) [-] 
i : number of drainage surfaces of compression cell [-] 
k : the Kozeny constant [-] 
L :thickness of expressed material [m] 
L 1 : initial thickness of material [m] 
L~ : final thickness of  Inaterial [In] 
M0 : total alnount of Ca ions in gels at 0 [inol] 
M~ : total amount of Ca ions in gels at 0 = ~ [m ol] 
So : volumetric specific surface of  gel network [m2/m 3] 
Uc : average consolidation ratio [-] 
0t : hydraulic specific resistance of packed gel bed [m/kg] 
s : porosity of packed gel bed [-] 
0 : gelation time [s] 
0~ : expression time [s] 
p, : true density of  gel network [kg/m 3] 
co o : total solid volume per unit cross-sectional area [m3/m 2] 
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