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ABSTRACT

The use of aluminum-based coagulants in water pretreatment is being carefully considered because aluminum exposure is a
risk factor for the onset of Alzheimer’s disease. Lightly burned-dolomite kiln dust (LB-DKD) was evaluated as an alternative
coagulant because it contains high levels of the healthful minerals calcium and magnesium. An organic pore forming agent
(OPFA) was incorporated to prepare porous granules after OPFA removal through a thermal decomposition process. A spray dry-
ing method was used to produce uniform and reproducible spherical granules with low density, since fine dolomite particles have
irregular agglomeration behavior in the hydration reaction. The use of fine dolomite powder and different porosity granules led to
a visible color change in raw algae (RA) containing water, from dark green to transparent colorlessness. Also, dolomite powders
and granules exhibited a mean removal efficiency of 48.3% in total nitrogen (T-N), a gradual increase in the removal efficiency of
total phosphorus (T-P) as granule porosity increased. We demonstrate that porous dolomite granules can improve the settling
time and water quality in summer seasons for the emergent treatment of excessive algal blooms in eutrophic water.
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1. Introduction

With increasing demand for high-quality water resources
around the world, water quality standards for dis-
charging various contaminants are becoming increasingly
stringent. Water pollution causes imbalances and disrup-
tions in aquatic freshwater ecosystems and sometimes leads
to the excessive growth of algae, the primary producer in
this ecosystem.? Eutrophic lakes and rivers with high con-
tents of phosphorous and nitrogen compounds have ele-
vated levels of BOD, COD and pH, as well as sufficient
lighting and warm temperature, all of which foster exces-
sive growth of algae.*”

Even after a water treatment process, remaining algae
residues still sometimes contain substances that threaten
human health, including bacterial contaminants, patho-
gens, and nutrients and so on. Generally, to improve water
levels to acceptable quality standards, the following four
successive steps are taken: (1) coagulation (2) settling (3) fil-
tering and (4) disinfection.

Coagulation is a process in which these suspended materi-
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als are settled by gravity sedimentation, usually in reaction
to ionic (or polymeric) coagulants. Algal particles that are
suspended on the water surface exist in the form of anionic
colloids, whose repulsive power can result in the distribu-
tion of individual cells within a certain distance. It can take
several seconds to dozens of days for such dispersed (> 107"
nm) particles to settle, whereas it takes many years to sev-
eral decades for colloidal (<102 pm) particles to settle.
Meanwhile, particles contained in a solution (< 10~ um) do
not settle at all. The use of an inorganic coagulant that has
cationic Van der Waals bonds causes algal particles to come
into contact with one another, which causes their volume
and weight to increase, and eventually leads to a settling
process by gravity. The most efficient methods to remove
algae residues and contaminants, are to utilize simple yet
economical materials.” Furthermore, the porosity, the parti-
cle size and the settling rate of these materials are crucial
factors to effectively remove or move impurities or algal par-
ticles in lentic lakes and rivers, and in sewage and waste
water treatment plants.>!”

The development of an efficient coagulant with the above
physical properties can consequently contribute to improv-
ing the removal efficiency of algal blooms and nutrients.
Recently, it has been reported that in certain type of solid
waste recycling, a large amount of Ca®" cations dissolved
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from calcined oyster shell powder (< 100 pm) can be utilized
to induce hydration and carbonation reactions which facili-
tate coagulation and the settling of nutrients and algal
blooms in lakes.'"'¥

Since dissolved aluminum may remain in drinking water
even after a purification process, it is necessary to develop
alternatives of aluminum-based coagulants. Mainly ingested
via drinking water, foods, antacids, and etc., aluminum
exposure above a certain concentration may cause the onset
of Alzheimer’s disease due to neurotoxicity.'*'>

Dolomite is well known as an attractive mineral resource
containing a major source of MgO and CaO. However, light-
ly burned-dolomite kiln dust (LB-DKD) particles smaller
than 5 pm are classified as a solid waste in the steel indus-
try, and these particles are typically disposed in a landfill or
used for mine recovery purposes. Recycling of LB-DKD
waste resources is worth considering, both to save nonre-
newable resources as well as to preserve limited landfill
space.’®!” Since zeta potential of LB-DKD is increased in
the positive direction by both Ca?* and Mg*" cations, it is
also a potential coagulant, which can react with the afore-
mentioned anionic algal colloids.'® Furthermore, half-burned
dolomite is also known to perform very well for removing
the phosphorous contained in various types of waste water,
by generating amorphous phosphorus compounds.'”

LB-DKD particles are finely sieved after the grinding mill-
ing process, but the particles have a tendency to agglome-
rate in a dramatic density increase of uneven particle sizes
to reduce high surface energy during the hydration process.
Here, we introduce a new method to reduce the agglomera-
tion of fine LB-DKD particles in which the particles are
transformed into granules with a large specific surface area
and low density.?**" Controlling the size and porosity of the
LB-DKD granules led to their immediate coagulation with
algal colloid particles and settling responses, producing dra-
matically visible changes in water transparency and light
transmittance. Ultimately, the development of potential
coagulant with porous LB-DKD granules can create new
market as a high value-added material and also contribute
to conserve water resources and aquatic ecosystems, by mit-
igating contaminated impurities and algal blooms through
immediate responses in water treatment plants and eutro-
phic freshwater lakes.

2. Experimental Procedures

LB-DKD, calcined in a shaft kiln, was obtained from sup-
plies left behind after iron and steel manufacturing (pro-
vider: Daesung Mining Development Incorporation). The
LB-DKD particles were physically separated by sieving into
four sizes: larger than 1 mm, 0.3 ~ 1 mm, smaller than 0.3
mm, and smaller than 0.1 mm. X-ray fluorescence (XRF)
was measured to compare difference of chemical composi-
tion and impurities with the size distributed particles. The
LB-DKD particles were ground into uniformly fine particles
using a wet ball mill, and were then moved into a spray
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Fig. 1. Schematic illustration of the spray dryer process: (a)
inner design and (b) practical equipment.

dryer chamber to be formulated into spherical granules.
Stearic acid was selected to pore forming agent which has
two ranges of size distribution, such as 0.1~0.43 mm and
0.6 ~ 1.0 mm.

Figure 1 shows the flow diagram and process illustration
corresponding to the practical spray dryer, for better under-
standing. A suspended LB-DKD slurry was prepared to
appropriate mixed ratios of an organic pore forming agent
(OPFA), binder and water. The slurry was injected into a
rotating atomizer where it comes into contact with air and a
gas heater. The newly created droplets are sprayed into the
chamber, and then porous granules with a uniform size dis-
tribution are gathered at the bottom container of the cham-
ber.?? During this process, the liquid evaporates and the
solid particle is calcined by a thermal treatment process at
450°C. The fine LB-DKD particles and granules were coated
with 10 nm Au to make the surfaces conductive, and then
they were examined by scanning electron microscopy (SEM,
JEOL JSM-6380LA). Their size distribution was compared
and analyzed using a particle size analyzer (Malvern, Mas-
tersizer 2000). To compare the settling rates of the fine LB-
DKD particle and granules in deionized water of equivalent
volumes and heights, samples were scattered on the water’s
surface and the settling process was simultaneously
recorded on video. Optical photographs of each sample were
captured from the side view after 5 minutes, and top view
after 30 minutes, and were used to compare the amount of
residually floating particles.

Raw algae (RA) containing water, collected in October
2015 from Daecheong Lake (36°20'59.3"N 127°33'31.4"E),
the third largest artificial lake in Korea, was then used to
observe coagulant performance of the fine LB-DKD particle
and granules. Fine LB-DKD particles and granules with
various specific surface areas were added to the RA contain-
ing water, and water transparency and light transmittance
changed by their coagulation performance were visibly
observed. Measurement of the water quality (Auto Analyzer
3 ((AA3)-HR)) was carried out to determine the increase in
the ratio of transformed nutrients, and the efficiency of
nutrient removal in RA containing water. Table 1 lists the
measured wavelengths (nm) and concentrations (mg/L) of
the standard solutions, corresponding to the total nitrogen
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Table 1. Specific Wavelength and Different Concentrations of
Standard Solution, with Analysis of Nutrient Salts

Nutrient Wavelength (nm) Standard solution (mg/L)
T-N 550 10, 5.0, 2.5
T-P 800 1.0, 0.5, 0.25
NO;-N 550 1.0, 0.5, 0.25
NO,-N 550 0.2, 0.1, 0.05
PO,-P 800 0.5, 0.25, 0.125
NH,-N 630 1.0, 0.5, 0.25

(T-N), and total phosphorus (T-P) of various nutrients (NO,,
NO;, PO and NH,).

3. Results and Discussion

Figure 2 shows optical photographs of the calcined LB-
DKD particles which were separated by physically sieving
into three sizes: larger than 1 mm, 0.3 ~ 1 mm, smaller than
0.3 mm, and smaller than 0.1 mm. Table 2 shows the chem-
ical compositions of the LB-DKD particles within a specific
range of size distribution. The composition ratios of CaO

Fig. 2. Optical images of the LB-DKD samples with size dis-
tribution after particle separation using sieve trays:
(@ >1 mm, (b) 0.3~1 mm, (c) <0.3 mm and (d)
<0.1 mm.

Vol. 54, No. 2

(~49%) and MgO (~33%) reached to ~82%, since the CaO
content was more than 1.5 times that of the MgO.

Even though the residual minerals remained after the
water treatment, Mg has a beneficial role in over 300 enzy-
matic reactions with human cells, and Ca is also an essen-
tial element in the human body for building strong bones,
teeth and blood.?® Additional impurities, accounting for 3%
of the total, include metal and nonmetallic oxides of Al
(< 0.5%) Fe, Na, and Si, as well as coal ash by-product, with
C, CO, and moisture. These results indicate that the chemi-
cal composition of the LB-DKD particles is not dependent on
the size distribution process such as physical sieving and
ball milling.

Figure 3 shows the surface morphology and size distribu-
tion of the agglomerating LB-DKD particles after the wet
ball milling process and three various porous granules via
the spray dryer process. The LB-DKD particles in Fig. 3(a)
exhibit a broad size distribution, with two high peaks at 3
nm and 25 nm with high-density agglomerating tendencies,
up to 100 pm. Here, we found that the addition of stearic
acid with different size distribution, such as 0.1 ~0.43 mm
and 0.6~1.0 mm as shown in Table 3, was a crucial factor in
controlling surface roughness, and in generating organic
pores in the granules.

Figure 3(b) shows the surface morphology and size distri-
bution of the granules when stearic acid was not added, as
shown in Table 3(a). Because the fine LB-DKD powders are
tightly connected with each other, they appear to be a
spherical granules with an average size distribution of 52
nm, with small surface roughness and pores. Fig. 3(c) shows
a spherical granule with an average size distribution of 58
pum with medium surface roughness and partially enlarged
pores. Fig. 3(d) shows a spherical granule with an average
size distribution of 60 pm with large surface roughness and
many enlarged pores. These three types of granules have a
relatively uniform size distribution of between 50 to 60 pm
regardless of their different porosities. These functional
similarities are sufficient to allow a comparison of their
coagulation performance with algal blooms depending on
differences in porosity.

Figure 4 shows the settling behaviors of the LB-DKD par-
ticle and granules with different porosities. Top view and
side view images of the particles and granules after 5 min-
utes and 30 minutes were used to estimate the amount of
residually floating particles. A lot of LB-DKD particles
remained floating on the water surface, and suspended in
the water column, even after 30 minutes reflecting random

Table 2. X-ray Fluorescence (XRF) Results of Lightly Burned-Dolomite Kiln Dust (LB-DKD) Samples after Size-Distributed
Particle Separation Using Sieve Trays: (a) > 1 mm, (b) 0.3 ~ 1 mm and (c) < 0.3 mm (unit: %)

Chemical Composition

Particle size

CaO MgO Si0, AlL,O4 Fe,03 Na,O CaO/MgO Igloss

(a) > 1 mm 49.34 33.11 1.39 0.41 0.49 0.22 1.49 15.27
() 0.3-1 mm 49.86 33.50 1.44 0.42 0.51 0.24 1.49 14.27
(¢) < 0.3 mm 49.54 33.23 1.70 0.54 0.48 0.25 1.49 14.23
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Fig. 3. SEM images of LB-DKD and granules with different specific surface areas and size distribution: (a) 3 and 25 pm, (b) 52
pm, (¢) 58 pm and (d) 60 pm.

Table 3. Slurry Composition in Terms of the Respective Weights of the LB-DKD Particles, Binder, Organic Pore-Forming Agent
(Stearic acid, SA) and Water for Preparation of Porous Dolomite Granules by Spray Dryer Method

Sample DKD PFA Binder Water

(a) 100 g 0g 0.25 g 450 g

(b) 100 g SA 0.1~0.43 mm, 9 g 025 ¢g 450 g

(c) 100 g SA 0.6~1.0 mm, 9 g 025 g 450 g
settling behaviors for the irregularly aggregated size distri- rate and then some of them became suspended and repeat-
bution. edly settled down to the bottom again, due to the low height
The relatively large granules with different surface areas, of water column. The transparency differences of the sur-
on the contrary, sank to the bottom due to their fast settling face layer, middle layer and the bottom layers in the water

Fig. 4. Side and top views illustrating visual differences in settle time of LB-DKD particles and granules after 5 or 30 min in
water media: (a) 3 and 25 pm LB-DKD, (b) 52 pm SG, (c) 58 pm MG and (d) 60 pm LG.
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Fig. 5. Optical images of algae removal performance of coagulants with different specific surface areas and size distribution: (a)
raw algae (RA) containing water, (b) LB-DKD, (c) 52 pm SG, (d) 58 pm MG and (e) 60 nm LG.

column confirmed that the granules with uniform size had a
better settling rate than the LB-DKD particles, while the
various surface areas of the granules led to minor differ-
ences in their suspended behavior. No floating particles
could be seen on the water surface after 30 minutes of the
experiment, since most of the granules showed remarkable
bottom sedimentation.

Figure 5 shows visible performance changes in the coagu-
lation process of the LB-DKD particles and the granules in
RA containing water from Daecheong Lake. Regardless of
their physical properties, or the aggregation, shape and
pore size of the LB-DKD particle and the granules, their
addition to the green RA containing water dramatically
changed it to a transparent color, due to their algae coagula-
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Fig. 6. Increase ratio (I.LR.) and removal efficiency (R.E.) of
various nutrient salts by coagulation process of dolo-
mite kiln dust (DKD), small porosity granule (SG),
medium porosity granule (MG) and large porosity
granule (LG), compared to RA containing water: (a)
NH;-N, (b) PO,-P, (¢) NO,-N, (d) NOs-N, (e)T-N and
® T-P.

tion and sedimentation performance. In particular, the
larger surface area and lower density behavior of the gran-
ules as compared with the LB-DKD particles, gradually con-
tributed to the reduction of the suspended algal cells as a
result of the more active coagulation and sedimentation per-
formance. The effectiveness of the LB-DKD particles and
granules is useful for not only the abovementioned four step
water treatment plant process, but can be practically used
for lentic lakes and rivers with summer algal blooms. Fur-
thermore, the DKD particles and granules consisting of ben-
eficial Mg and Ca components are expected to be a potential
replacement for aluminum-based coagulants.

Figure 6 shows the removal efficiency of NH;s-N, PO,-P, T-
N, and T-P and the increased ratio of NO,-N, NO;-N based
on the coagulation performance of the LB-DKD particles
(DKD), low-porosity granules (SG), medium-porosity gran-
ules (MG), and large-porosity granules (LG) in water con-
taining RA. The level of nutrients (NH;-N, PO,-P, T-N, and
T-P) in the RA containing water indicated a higher removal
efficiency for the high porosity granules rather than for the
low porosity granules and for the granules rather than the
fine particles, respectively. The NH;-N converts to two
nitrogen oxide forms, which corresponds to a first conver-
sion from NH; to NO* and then a consecutive conversion of
NO* (NO,-N) to NO** (NOs-N) by a two-step nitrification pro-
cess. With addition of DKD particle and granules, the
removal efficiency of T-N and PO,-P showed similar levels,
of 45-60% and 55 - 656%, respectively, while the removal
efficiency of T-P gradually increased to order of DKD parti-
cles, low porosity granules and higher porosity granules. T-
P removal efficiency was most dependent on size uniformity
and porosity, since the efficiency of the high porosity gran-
ules was more than 50% greater than that of the DKD parti-
cles.

4. Conclusions

LB-DKD particles, consisting of a uniform content of Mg
and Ca of beneficial elements to the human body, were used
as mineral resource for coagulation of algal blooms in prac-
tical water resources and water treatment plants. Low-den-
sity LB-DKD granules with various porous surface area and
almost 50 - 60 pm size distribution were prepared to enhance
individual particle fluidity and to improve the agglomera-
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tion behavior of fine LB-DKD particles after wet ball mill-
ing. When the particles and granules were added to a water
column, the resulting differences over time in the transpar-
ency of the respective water surface layers, middle layers
and the bottom layers indicated that the granules with uni-
form size had a better settling rate than the particles of non-
uniform size. We demonstrated that the addition of the LB-
DKD particles and the granules to RA containing water led
to water quality improvement, indicated by color change
and reduction of suspended algal cells due to their algae
coagulation and sedimentation performance. The conver-
sion rate of NH3-N (~80%) by a two-step nitrification pro-
cess indicated particularly excellent efficiency. The removal
efficiency of T-N, T-P and PO,-P also showed remarkable
improvement with the addition of the LB-DKD particles
and granules. These results demonstrate that the use of
coagulants based on the LB-DKD particles and granules is
the cheapest, fastest and most environmentally friendly
working method toward sustainable freshwater develop-
ment, in addition to being a potential replacement of alumi-
num-based coagulants.
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