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layer of pervious concrete pavement
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Additives were added to pervious concrete pavement
to improve the removal capacity for runoff contami-
nants. In this study, static isothermal adsorption ex-
periments were conducted for concrete prepared with
fly ash or bentonite. The results showed that the ma-
terial containing bentonite showed better adsorption
capacity for runoff contaminants. The saturated ad-
sorption values of bentonite for major runoff pollut-
ants, including chemical oxygen demand (COD), total
phosphorus (TP) and copper (Cu) were 8.61, 6.93,
19.31 mg/g respectively. However, the two additives
showed only weak adsorption capacity for total nitro-
gen (TN). Compared to hardened cement, the adsorp-
tion capacity for COD, TP and Cu of the cement with
bentonite was increased by 54%, 30% and 42%
respectively, and the capacity of cement with fly ash
increased by 42%, 11% and 33% respectively. There-
fore, additives can improve the decontamination
capacity of the base layer of the pervious concrete
pavement. This study provides technical support for
the construction of a sponge city.

Keywords: Adsorption, base layer, optimization, pervi-
ous concrete pavement.

CHINA is vigorously promoting the construction of a
sponge city to ease urban waterlog, prevent water pollu-
tion and beautify the environment. A sponge city is an
urban environment that is planned and constructed to act
as a sponge to soak up rain water for reuse. Instead of
devising strategies to move rainwater away, a sponge city
retains the water for use within the city. A pervious con-
crete pavement can serve as part of a sustainable drainage
system to allow the collection, storage, purification and
recharging of underground water. The construction of the
pervious concrete pavement is generally designed to con-
sist of four parts, i.e. the cushion, the sub-base, the base
layer and the surface layer'. Studies have shown that the
effect of the pervious concrete pavement on removal of
stormwater runoff mainly depended on the surface layer.
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The base layer (including the sub-base) accounted for 2/3
of the volume of the pervious concrete pavement, but the
contribution to the removal rate for runoff pollutants was
only 10-25%, out of proportion to the thickness. Recent
efforts to strengthen or modify the base layer of the per-
vious concrete pavement mainly considered the effects of
aggregate type and porosity on drainage performance” .
However, there have been few studies on the ability to
modify concrete by using additives to improve runoff
pollutant removal of the base layer. To improve the
removal of runoff contaminants and the deficiency of the
base layer of the pervious concrete pavement, this study
focused on strengthening the base layer of the pervious
concrete pavement through the use of additives.

The additives must have strong adsorption capacity for
runoff pollutants and be economically priced to allow
widespread application. Here, fly ash and bentonite were
used as additives to strengthen the function of the base
layer.

Fly ash exhibits a loose and porous structure with small
particles, a large specific surface and many active sites of
Al and Si. Fly ash in cement allows the removal of
runoff pollutants by surface charge adsorption and ion
binding®’. Fly ash is an abundant industrial waste with
the world production estimated at over 750 million ton-
nes/year (refs 6, 7). Thus, it is economical and environ-
mentally friendly to use fly ash as a cement additive.

Bentonite is also used as an additive for pervious con-
crete to improve the removal efficiency of runoff pollut-
ants. In China, the bentonite reserve is 24,600 billion
tonnes, 60% of the world reserve’. The molecular struc-
ture of bentonite is composed of two layers of Si—O tetra-
hedron that sandwich a layer of octahedral AI-O. Si*' can
be replaced by AI’* or Fe’' in the tetrahedron and AI’*
can be replaced by Mg”" or Fe'' in the octahedral, so the
bentonite lattice can absorb the external cationic charge
by means of static electrical charge effect to remove
runoff pollutants™®.

There are many potential pollutants in storm water
runoff. Dissolved total nitrogen (DTN) constitutes the
majority of total nitrogen in storm water runoff’. DTN
includes dissolved organic nitrogen and inorganic nitro-
gen. The inorganic nitrogen accounts for 60—70% of DTN
and mainly exists as NO, and NH; in runoff'®'!, Phos-
phate is the main phosphorous component'> and was
reported to constitute 70.9% of total phosphorus'®. Addi-
tionally, chemical oxygen demand (COD) and copper
(Cu) levels make runoff unsafe and the reduction of these
parameters is a goal of a sponge city.

The results showed that the material containing
bentonite showed better adsorption capacity for runoff
contaminants. The saturated adsorption values of
bentonite for major runoff pollutants, including COD, to-
tal phosphorus (TP) and Cu were 8.61, 6.93, 19.31 mg/g
respectively. The saturated adsorption values of fly ash
for major runoff pollutants, including COD, TP
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Table 1. Composition of ordinary Portland cement
Components CaO SiO, Al,O4 MgO K,O Na,O Fe, 03 SO;
Content (%) 61.0 21.0 5.4 4.6 3.7 2.9 1.2 0.2

Table 2. The physical and chemical properties of ordinary Portland cement
Specific surface Initial setting Final setting 3 days compressive 28 days compressive 3 days flexural 28 days flexural
area (m’/kg) time (min) time (min) strength (MPa) strength (MP) strength (MPa) strength (MPa)
>350.0 >45.0 <390.0 >22.0 >42.5 >4.0 >6.5

Figure 1.
ash.

Materials. @, Ordinary portland cement; b, bentonite; ¢, fly

and Cu were 7.97, 6.24, 16.17 mg/g respectively. How-
ever, the two additives showed only weak adsorption
capacity for total nitrogen (TN). Compared to hardened
cement, the adsorption capacity for COD, TP and Cu
of the cement with bentonite was increased by 54%,
30% and 42% respectively, and the capacity of cement
with fly ash was increased by 42%, 11% and 33% respec-
tively.

This study used three adsorption isotherms to show the
adsorption capacity of additives to runoff pollutants and
provides the theoretical foundation for improving the pol-
lutant removal and the purification capability of the per-
vious concrete pavement. The study provides guidance
for wide application of the pervious concrete pavement in
the construction of a sponge city.

Ordinary Portland cement PO42.5 was used; the main
components and the physical and chemical properties are
shown in Figure 1 and Tables 1 and 2 respectively.

Fly ash and bentonite were used at 20% of cement
weight. The ordinary Portland cement and two additives
are shown in Figure 1, and the main components of
bentonite and fly ash are shown in Tables 3 and 4 respec-
tively.

The chemical reagents utilized in this study, including
C6H1206'H20, KH2PO4, NH4C1, CuClz-ZHZO, ZHC]Z and
PbCl,, are of analytical grade and were obtained from
Hach Compamy, US.

A thermostatic shaking gas bath (Shanghai Bingyue
Electronic Instrument Co Ltd), a digestion instrument
(DRB200 Hach Company, US), and a portable visible
spectrophotometer (DR1900 Hach Company US, with a
measuring accuracy of 0.01 mg/l; Figure 2) were used in
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this experiment. The thermostatic shaking gas bath
ensured that the reaction proceeded at constant tempera-
ture. The digestion instrument and portable visible spec-
trophotometer were used to measure the solution
concentration of pollutants.

To evaluate the prepared materials, the adsorption iso-
therms were measured. Cement without additive was
compared to cement with 20% fly ash or bentonite. The
prepared materials were used as hardened cement blocks.
The hardened cement blocks were grounded to powder
and made into three adsorbents.

Four experiments were set up to measure the adsorp-
tion capacity of COD, TN, TP and Cu respectively. In
each experiment 7 groups were set up. In a group, three
adsorbents (5 g) were placed separately in three erlen-
meyer flasks. The contaminant solutions were prepared in
a volume of 100 ml at a solid-to-liquid ratio of 1:20 as
shown in Figure 3.

Each contaminant solution was diluted to seven differ-
ent concentrations as shown in Table 5. Every kind of ad-
sorbent (5 g) was mixed with 4 kinds of contaminant
solution respectively. Each contaminant solution was
100 ml and the concentrations of contaminant are shown
in Table 5.

Each set of conical vials was placed in the thermostatic
shaking gas bath and oscillated for 24 h at 25°C and
150 r/min. The digestion instrument and portable visible
spectrophotometer were used to measure the residual
concentration of adsorbates before and after filtration.

The data were fitted to three isothermal adsorption
models that are widely used in adsorption modelling, the
Langmuir model, the Freundlich model and the Temkin
model'* 6.

Langmuir adsorption model

go = DmxCe )
1+C,

where ¢, is the equilibrium adsorption capacity (mg/g),

gm 1s the theoretical saturated adsorption capacity of unit

mass adsorbent, mg/g, C. is the adsorbate equilibrium

concentration, mg/l, and b is the Langmuir equilibrium
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adsorption constant that can reflect the adsorption capa-
city of the additive.

The Langmuir adsorption model is an ideal model in
which the adsorption heat does not change during adsorp-
tion and which represents the adsorption of a monomolecu-
lar layer. The Langmuir model assumes monomolecular
adsorption, a uniform additive surface, and no interaction
between the two molecules.

The theoretical saturated capacity of unit mass ¢, is a
quantity index, but the values of ¢,, with different work-
ing conditions show significant discrepancy. Therefore, it
is difficult to predict the adsorption capacity of additives
with ¢, (refs 17, 18). The Langmuir adsorption equilib-
rium constant b can reflect the adsorption affinity of addi-
tives. The smaller the b value, the stronger the adsorption
affinity'’.

Freundlich adsorption model

qe = KF X C::/Vl ) (2)

where ¢, is the equilibrium adsorption capacity (mg/g),
C, is the equilibrium concentration of adsorbate (mg/l);
F¥ is the characteristic parameter that reflects the adsorp-
tion capacity, and »n is the adsorption index that repre-
sents the intrinsic property of the additive.

The Freundlich adsorption model is an isothermal
adsorption equation based on experience. During adsorp-
tion, heat decreases logarithmically as the adsorption
capacity decreases, consistent with bimolecular layer
adsorption on a non-uniform surface. The Freundlich

Table 3. Composition of bentonite

Components Montmorillonite Quartz Feldspar

Content (%) 86.0 12.0 2.0
Table 4. Composition of fly ash

Components Si0, ALOs Fe, 04 CaO MgO K,O

Content (%) 533 283 4.2 4.6 1.2 0.9

Experimental apparatus. @, The thermostatic shaking gas

Figure 2.
bath; b, the digestion instrument; ¢, the visible spectrophotometer.
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adsorption model describes a non-uniform surface with
multi-molecular layer adsorption based on the hetero-
genous surface®®?!. K and n are Freundlich constants that
represent the adsorption capacity and intensity respectively.
Ky is a constant related to the maximum adsorption
capacity. N defines extent of linearity of the adsorption
which can reflect the affinity between the additive and
the adsorbate. Adsorption occurs easily at b =2-10, but
the adsorption is more difficult when #n is less than 0.5
(refs 14, 22).
Temkin adsorption model

g.=A+BxInC,, 3)

where ¢, is the equilibrium adsorption capacity, mg/g, C.
is the equilibrium concentration of adsorbate, mg/l, and A
and B are constants. The Temkin adsorption model is an
isothermal adsorption model based on the fact that the
heat of adsorption of all molecules in the layer decreases
linearly and it takes adsorbate—adsorbent interactions into
account™.

We tested typical runoff pollutants of COD, TN, TP
and Cu using glucose, NH4Cl, KH,PO, and CuCl,-2H,0
respectively.

The simulation results of COD adsorption process of
the hardened cement, the hardened cement with fly ash
and the hardened cement with bentonite are shown in
Figure 4. The fitting values of the parameters of the
isothermal adsorption models are shown in Table 6.

Comparison of linear fitting coefficients between the
three models shows that the Langmuir model and the
Temkin model fit better than the Freundlich model, with
fitting coefficients that are larger than 0.8. The results
show that the Langmuir and Temkin models are more
suitable for describing the adsorption of COD. Since the
Temkin model is a chemisorption model, the additives
likely remove COD via chemisorption.

The fitting parameter b in the Langmuir model reflects
the adsorption affinity of additives. The smaller the b
value, the stronger the adsorption affinity. The b values
were lowest for hardened cement with bentonite, fol-
lowed by the hardened cement with fly ash, and finally
untreated cement. Therefore, the order of adsorption
capacity additives for COD from the highest to the lowest
was hardened cement with bentonite, hardened cement
with fly ash and untreated cement. The saturated adsorp-
tion of COD by the three additives are shown in Table 7.

The simulation results of TP adsorption are shown in
Figure 5. The fitting values of the parameters of isother-
mal adsorption models is shown in Table 8.

According to the comparison of linear fitting models,
the Langmuir and Freundlich models fit better than the
Temkin model, with fitting coefficients greater than 0.8.
Thus, the Langmuir and Freundlich models are more
suitable for describing the adsorption process of TP.
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Figure 3. Experiment program.
Table 5. Tested concentrations of contaminants
Experimental reagents Concentration (mg/1)
Glucose 20 60 100 200 400 600 800
KH,PO, (by the P) 50 100 200 400 600 800 1000
NH,4CI (by the N) 30 60 120 200 350 550 800
CuCl,-2H,0 (by the Cu) 100 200 300 400 600 800 1000
Table 6. Fitting values of parameters of isothermal adsorption models for COD
Langmuir model Freundlich model Temkin model
Additives gm (mg/g) b (I/mg) R’ Ky n R’ A B R’
Untreated cement 6.79 0.0029 0.868 0.139 1.787 0.773 -6.911 1.889 0.901
Cement with fly ash 7.97 0.0027 0.852 0.452 2.319 0.709 -6.798 2.208 0.885
Cement with bentonite 8.61 0.0023 0.815 0.492 2.359 0.696 —6.184 2.138 0.811

The b value was lowest for hardened cement with
bentonite, followed by the hardened cement with fly ash,
and was the largest for untreated cement. Therefore, the
adsorption capacity for TP was highest for hardened ce-
ment with bentonite, followed by cement with fly ash,
and untreated cement was the lowest. The saturated
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adsorption value for TP exhibited by the three additives is
shown in Table 9.

There was only very low removal of TN by the
hardened cements (less than 8%); hence, the data were
not fit to the models. The lack of TN removal is consis-
tent with the study of Lei et al'’, who reported a
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Figure 5. The simulation of TP adsorption.
Table 7. Saturated adsorption of COD The b value was lowest for cement with bentonite,
Saturated Improvement higher for cement with fly ash apd hlghes'f for untreatgd
adsorption capacity compared with cement. Therefore, the adsorption capacity for Cu is
Additives (mg/g) untreated cement highest for cement with bentonite, followed by cement
with fly ash, followed by untreated cement. The saturated
Untreated cement 6.79 - d i lue for Cu of the th dditi s sh .
Cement with fly ash 797 17% adsorption value for Cu of the three additives is shown in
Cement with bentonite 8.61 26% Table 11.

removal rate of 5.37% for TN by a porous hydrate
biological filter with fly ash. In the study of Yu et al.'’,
the removal rate of TN using a sequencing batch reactor
(SBR) with bentonite was increased by 10.9%. Because
the NH,4Cl is acidic and adsorption capacity is influenced
by pH, when the pH is greater than 5, the adsorption rate
will be below 10% (ref. 24).

The simulation results of the Cu adsorption process are
shown in Figure 6. The fitting values of parameters of
isothermal adsorption models are shown in Table 10.

According to the comparison of linear fitting coeffi-
cients between the models, the Langmuir model fits better
than the other two models, which had coefficients larger
than 0.8. Thus, the Langmuir model is more suitable for
describing the adsorption process for TP.
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The adsorption capacity improvement of the base layer
of the pervious concrete pavement was limited. As the
additives account for only 20% of the material, most run-
off pollutants contact the cement. To improve pervious
concrete pavement, future efforts should be made to
increase the contact area between the additives and the
runoff pollutants to enhance adsorption capacity.

The experimental results show that the removal capacity
for runoff pollutants of the base layer of the pervious
concrete pavement was improved by the use of additives.
The isothermal adsorption model revealed that bentonite
allows better removal capacity for runoff pollutants than
fly ash. Compared to untreated cement, the adsorption
capacities for the runoff pollutants (COD, TP and Cu) of
the cement with bentonite increased by 26%, 38% and
39% respectively. The adsorption capacity of the hard-
ened cement with fly ash increased by 17%, 24% and
16% respectively. However, both materials showed only

CURRENT SCIENCE, VOL. 114, NO. 2, 25 JANUARY 2018
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Figure 6. The simulation results of Cu adsorption.
Table 8. Fitting values of parameters of isothermal adsorption models for TP
Langmuir model Freundlich model Temkin model
Materials gm (mg/g) b (/mg) R’ K n R? A B R?
Cement 5.01 0.008 0.851 0.091 1.576 0.888 -0.369 0.424 0.781
Cement with fly ash 6.24 0.005 0.906 0.203 1.990 0.946 0.372 0.322 0.836
Cement with bentonite 6.93 0.002 0.913 0.047 1.126 0.915 —-1.747 0.892 0.791
Table 9. Saturated adsorption for TP
Additives Saturated adsorption capacity (mg/g) Improvement compared with untreated cement
Untreated cement 5.01 -
Cement with fly ash 6.24 24%
Cement with bentonite 6.93 38%
Table 10. Fitting values of parameters of isothermal adsorption models for Cu
Langmuir model Freundlich model Temkin model
Materials gm (mg/g) b (/mg) R’ K n R? A B R’
Cement 13.88 1.529 0.835 7.702 2.611 0.854 8.910 3.140 0.842
Cement with fly ash 16.17 1.450 0.978 6.725 2.937 0.898 7.498 2.583 0.971
Cement with bentonite 19.31 1.40 0.954 10.02 2.070 0.962 11.16 4.011 0.962
Table 11. Saturated adsorption for Cu
Additives Saturated adsorption capacity (mg/g) Improvement compared with untreated cement
Untreated cement 13.88 -
Cement with fly ash 16.17 16%
Cement with bentonite 19.31 39%

low saturated adsorption capacity for TN. Overall, the re-
sults showed that the structure of the pervious concrete
pavement can be optimized for improved function. Future
research should focus on the use of additives in the base
layer and modification of additives to increase the contact
area with runoff pollution. Additionally, the quantities of
additives should be optimized to provide the theoretical
basis for engineering applications.
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Malvan Marine Sanctuary (MMS), Maharashtra,
India is rich in coral reefs and the associated
resources, which provide livelihood for the people
involved in fishing and tourism. The elevated sea-
surface temperature triggered by climate change had
caused the coral reefs around the world to undergo
severe bleaching during 2014-2016. Scientists have
declared this as the third global coral bleaching event.
Two underwater surveys during December 2015 and
May 2016 were conducted in MMS to assess the inten-
sity and trend of coral bleaching. A high prevalence of
coral bleaching, i.e. 70.93% (SD = 4.53) was recorded
inside MMS during December 2015, with a mortality
of about 8.38% (SD = 0.91). After a lapse of six months,
corals were found to recover. This is borne out by the
reduction in the bleaching prevalence to 6.77 £ 0.12%
during May 2016. Climate change being a global issue,
reduction in the local stressors such as fishing and
tourism is highly recommended in order to allow the
corals to recover and enable sustainable utilization of
coral reef resources around MMS.
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