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The study of cementitious activity of chromium residue (CR) was carried out to formulate the properties
of chromium residue-cement matrices (CRCM) by blending CR with Ordinary Portland Cement (OPC).
The particle size distribution, microstructures of CR were investigated by some apparatuses, and physical
properties, leaching behavior of hexavalent chromium [Cr(VI)] of CRCM were also determined by some
experiments. Three types of commonly used superplasticizers (sulphonated acetone formaldehyde super-
plasticizer (J1), polycarboxylate-based superplasticizer (J2) and naphthalene superplasticizer (J3)) were
chosen to investigate their influences on the physical properties and the Cr(VI)-immobilisation in the
Cement paste leachate of the CRCM hardened pastes. The results show that the CR has a certain cementitious activity.
Superplasticizer The incorporation of CR improves the pore size distribution of CRCM. The Cr(VI) concentrations in the
Cr(VI) leachate of CRCM significantly decrease by incorporation of ]2. Among three superplasticizers, ]2 achieves
Physical property lowest Cr(VI) leaching ratio. Based on this study, it is likely to develop CR as a potential new additive used
in cement-based materials.
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1. Introduction

As aresult of industrial development, many chemical substances
have generated pollution in air, water, and soil. At least 20 metals
including chromium are classified as toxic and half of these emitted
into the environment in higher quantities that pose risks to human
health [1]. Chromium has both beneficial and detrimental proper-
ties. In the environment, chromium usually exists in its compounds
in the forms of hexavalent chromium [Cr(VI)] or trivalent chromium
[Cr(1ID)], which have different toxicities, mobilities and bioavail-
abilities [2,3]. Cr(Ill) is essential in human nutrition (specially in
glucose metabolism) as well as for plants and animals at trace con-
centrations. It is recommended that a daily uptake of 50-100 mg
is helpful for human beings, without toxic effects observed even
at a higher dosage [4]. It is relatively innocuous and immobile in
most environmental systems [5]. In contrast, Cr(VI) moves readily
through soils and aquatic environments and is a strong oxidizing
agent capable of being absorbed through the skin [6]. It is known to
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be toxic to human, animals and plants and classified as a carcinogen
associated with the risk of respiratory tract cancer [7-11]. Unfor-
tunately, In recent years, due to the extensive use of chromium
in industrial processes (such as electroplating, leather tanning,
paints and pigments, textile, steel fabrication and production of
chromium chemicals), large quantity of Cr(VI)-containing wastes
that lead to serious problems and hazardous risks for human health
are discharged into the environment. Chromium residue (CR) from
chromate plant and metallic chromium production is one of the
most hazardous solid wastes because of its high content of dissolv-
able Cr(VI). The continuous Cr(VI) leaching from CR could cause
sustainable contamination to its surrounding.

It was reported that 7 tonnes of CR was produced when 1 tonne
of metallic chromium was manufactured, and 1.7-4.2 tonnes of
CR were produced when 1 tonne of sodium dichromate was man-
ufactured [12]. Each year, 200-300 thousand tonnes of CR are
discharged and the accumulative total amount is no lower than
2 million tonnes [13]. Thus, there is an urgent requirement to treat
CR for environmental protection and human health concern.

Many countries have adopted severe restrictions on disposals of
CR. Various strategies had been evaluated to deal with the prob-
lem of CR waste accumulation and the associated health hazards.
Some of the approaches included biosorption, ion exchange, sol-
vent extraction, micelle-enhanced ultra filtration, nanofiltration,
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Fig. 1. XRD spectrum of chromium residue.

adsorption with inorganic sorbent materials, precipitation, stabi-
lization/solidification (S/S), reduction and complexation [14-16].
Among them, S/S technology is favorable [17-21]. In recent years,
the most widely used S/S systems are the cement-based materials
[22,23]. A major factor is that cement is easy to form a durable,
monolithic material that will not leach hazardous components
under the disposal conditions [24,25]. Using cement to dispose
CR has been investigated in recent years. However, the potential
of reusing CR in construction materials are less studied. Some
researches show the CR has similar chemical and mineralogical
compositions to cement [26-31]. It is possible that CR could be
utilized as a kind of resource and developed into a new auxiliary
cementitious material in construction engineering. Currently, with
the rapid development of construction projects, superplasticizers
are widely used in concrete and have become common components
of concrete. For the goal of disposal and reuse of CR, the purpose
of this study is to investigate the effect of CR on the properties of
CRCM and superplasticizers on Cr(VI)-immobilising capability of
cement matrices.

2. Experimental
2.1. Raw materials and preparation

The CR was collected from a chemical and industrial plant
(Hangzhou, Zhejiang province, China). Its X-ray diffraction (XRD)
spectrum is shown in Fig. 1. A class P Il 42.5 Ordinary Portland
Cement (OPC) was used in this study. The chemical compositions
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Fig. 2. Granularity distribution of chromium residue.

2.2. Experimental procedure

2.2.1. Physical properties test

The water demand for normal consistency and setting time were
tested according to Chinese National Standard GB/T1346-2001. For
the compressive strength, these pastes were mixed in a standard
laboratory mixer, casted into molds of 20 mm x 20 mm x 20 mm
cubes. They were all remained in molds for 24h, then were
demolded and stored in a curing room at a temperature of 20+ 2 °C
and relative humidity at 90+ 5% for 3, 7 and 28 days. To prevent
Cr(VI) leaching, all samples were stored in the sealed plastic bags.

2.2.2. Leaching test

The leachate was prepared in accordance with Chinese National
Standard GB5086.2-1997. Coarse grains were chosen by a 5-mm
sieve from the crashed pastes samples after the compressive
strength test. Hundred grams coarse grains then were placed into

Table 2
Particle size distribution of chromium residue

Particle diameter (jum) Volume (%)

<1.336 10

<2.575 25

<6.008 50
<18.840 75
<40.690 90
Table 3

Basic property parameters of superplasticizers

. . X X o . Sample Color of Solid Commend
of (.)PC. and ,CR are given in Table 1. The pe}rtlrtle size distribution of : liquid content (%) volume (%)
CRis given in Fig. 2 and Table 2. As shown in Fig. 2 and Table 2, more -

o . . Sulphonated acetone formaldehyde Wine 33 1.0-2.0
than 90% of the particles have a smaller size of 40.690 pwm. Super- S A
plasticizers were brought on the market and their properties are Polycarboxylate-based Yellow 20 0.5-1.0
reported in Table 3. The mix designs of all samples in this research superplasticizer (J2)
are listed in Table 4. Naphthalene superplasticizer (J3) Brown 40 1.0-2.0
Table 1
Main chemical compositions of OPC and chromium residue (wt.%)
Sample Si0, AlL03 Ca0 MgO K0 Fe,03 TiO, SO3 T3 Cr Cr(VI)
CRP 13.10 451 22.96 19.68 - 7.89 0.28 - 2.57 0.192
OPC® 21.1 5.3 64 1.7 0.7 2.6 0.3 1.7 - -

a T, total.

b CR, chromium residue.
¢ OPC, Ordinary Portland Cement.
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Table 4
Mixing proportion of samples (%)

Sample Mixing proportion of sample
Cement Chromium residue Superplasticizer

RO 100 0 -
R1 90 10 -
R2 80 20 -
R3 70 30 -
R4 60 40 -
RO-J1 100 0 2.0
R1-J1 90 10 2.0
R2-J1 80 20 2.0
R3-J1 70 30 2.0
R4-J1 60 40 2.0
RO-J2 100 0 1.0
R1-J2 90 10 1.0
R2-]2 80 20 1.0
R3-J2 70 30 1.0
R4-]2 60 40 1.0
RO-J3 100 0 1.6
R1-J3 90 10 1.6
R2-]3 80 20 1.6
R3-J]3 70 30 1.6
R4-]3 60 40 1.6

a 2000-mL lidded polythene bottle containing 1000 mL of dis-
tilled water. The suspension was fixed onto a horizontal vibrator
and shook for 8 h at the frequency of 1104 10 times per min and
with the amplitude of 40 mm. The solution was filtrated with a
medium-speed quantitative filter paper after the sedimentation
period of 16 h. The pH value of the filtrate was tested immedi-
ately and Cr(VI) concentrations were analyzed by a TU-1800PC
UV-vis spectrophotometer. The Cr(VI) leaching concentrations test
method applied in this research corresponds to the describing in
the GB/T15555.4-1995.

2.2.3. pH value test

The pH value of the CR was 10.58, which was experimental deter-
mined according to the following EPA Method SW-846 9045C. Five
grams of CR was added to 100 mL of distilled water, continuously
stirred for 5 min then settled for 15 min. The pH value was tested
immediately by Phs-25 Meter.

2.2.4. Pore size distribution

The test for pore size distribution was carried out at the hydra-
tion of 28 days. Pore structure was experimental investigated
with mercury intrusion porosimeter (MIP). Samples of RO (control
cement matrix) and R3 (matrix contains 30% CR) were collected
from the crashed cubes after the compressive strength test. The
MIP apparatus was used to determine pore size distribution within
a range of 0.002-213 pm radius.

3. Results and discussion
3.1. Study on cementitious activity of CR

As shown in Table 1, the CR belongs to the system of
Ca0-Si0,-Al,03-Fe; 03, which is quite similar to those of com-
plementary cementitious materials presently commonly used such
as granulated blast-furnace slag and coal fly ash. Experimental
test result is shown in Fig. 1, the main minerals in chromium
residue include: alpha quartz, portlandite, calcite, chromite, per-
iclase, brucite, eskolaite, etc. Some researches reported (Table 5
[32,33]) the mineralogical compositions also include dicalcium sil-
icate (C,S), calcium aluminoferrite (C4AF), which are the main
cementing activity components of cementitious materials. From
the angle of the chemical and mineralogical compositions, CR con-

tains significant amount of chemical species having cementing
activity. In order to evaluate its potential cementitious activity,
the assessing methods for activity of granulated blast-furnace slag
and pozzolanic materials used for cement were introduced. The
detailed evaluating methods are shown as follows.

3.1.1. Method of chemical compositions analysis
The coefficient K of granulated blast-furnace slag was calculated
based on Chinese National Standard GB/T203-1994:

K = [m(Ca0)+ m(MgO)+ m(Al,03)]/
[m(SiO3 ) +m(MnO)+ m(TiO3)] (1)

where m was given in wt.%. According to GB/T203-1994, granulated
blast-furnace slag can be regarded as cementitious activity when
K>1.2. Higher K-value indicates higher cementitious activity.
K-value of CR was calculated as
_22.96 +19.68 +4.51

K= (13.10+ 0.28) =352>1.2

As an adoption of the rule above, CR could be regarded as a
certain cementitious activity from the point of view of chemical
compositions.

3.1.2. Method of compressive strength analysis
According to the test method in Chinese National Standard
GB/T2847-2005, the activity coefficient R of CR was calculated:

R= (@) x 100% (2)
ch
where f.3 is the compressive strength containing 30% CR at hydra-
tion of 28 days and f.o is the compressive strength of OPC at
hydration of 28 days.
So, the activity coefficient of CR was calculated as

R= (%) x 100% = (%) x 100% = 67.7%
On the basis of the GB/T2847-2005, pozzolanic materials can be
regarded as active additive when R>65%. Thus, the CR could be
regarded as cementitious activity from the point of view of com-
pressive strength.

Based on the above discussion, it is likely to think the CR has
the potential of cementitious activity. It can be proposed as an
activating admixture used in cement-based materials.

3.2. Effect of CR on the physical properties of cement-based
materials

The water demand for normal consistency, setting time and
compressive strength developments of CRCM are illustrated in
Table 6.

Table 5

Main mineralogical compositions of chromium residue [32,33]

Mineralogical name Formula Content (%)
Periclase MgO 20
Dicalcium silicate 3-2Ca0-Si0, 25
Calcium aluminoferrite 4Ca0-Al,05-Fe;03 25
Calcium chromate a-Ca(CrO, ), 5-10
Chrome spinel (Mg-Fe)(Cr03), 5-10
Calcium chromate CaCrO4 1
Sodium chromate, tetrahydrate 4Na;,Cr04-4H,0 2-4
Calcium chromate aluminate 4Ca0-Al;03-Cry03-12H,0 1-3
Basic ferric chromate Fe(OH)CrO4 0.5
Calcium carbonate CaCOs3 2-3
Calcium hydrate calcium aluminate 3Ca0-Al,03-6H,0 1
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Table 6

Effects of chromium residue on physical properties of chromium residue-cement matrices

Samples Water demand for Setting time (min) fe (MPa) Ratio of ¢fc (%)

normal consistency (%) Initial Final 3 days 7 days 28 days 3 days 7 days 28 days
RO 25 153 240 66.4 96.2 107.0 100.0 100.0 100.0
R1 25 174 225 73.4 84.6 93.1 111.0 87.9 87.0
R2 25 172 262 60.7 72.6 85.9 914 75.5 80.3
R3 24 177 261 58.8 61.5 72.4 88.6 63.9 67.7
R4 23 172 262 52.2 57.5 66.0 78.6 59.8 61.7

fc, compressive strength.

As shown in Table 6, the CRCM hardened pastes had a slightly
lower water demand for normal consistency and a modest retar-
dation of setting time when the proportion of CR rose. The reason
could be the cementitious activity of CR was lower than clinker.
In addition, compressive strength of matrix R4 with 40% CR was
66.0 MPa at 28 days, 61.7% of control matrix RO, and 52.2 MPa at 3
days, 78.6% of control matrix RO, respectively. It is suggested that
CR has a worse influence on compressive strength at 28 days than
3 days.
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Fig. 3. Pore size distribution of hardened pastes at the hydration of 28 days ages.

Table 7

3.3. Pore size distribution of CRCM

The total porosity is an important indicator for evaluating
the mechanical properties and leaching potential of solidification
matrices. Fig. 3 shows the cumulative pore size distribution of R3
(with 30% CR) in comparison with the control matrix RO, which
were cured for 28 days. This is in accordance with the classi-
fication of pore size distribution by Feldman [34]. As shown in
Fig. 3, the pore size distribution of CRCM shifted toward smaller
pores as CR was incorporated into cement matrices. The con-
trol matrix RO had bigger pores above 500nm of 7.73%, while
matrix R3 decreased to 5.88%. The gel pores of less than 10 nm
of RO was 39.81%, but it was as high as 72.58% for the matrix R3.
Based on the experimental results, the porosity of R3 decreased
to 6.6% and total specific surface area increased to 42.7%, com-
pared with the control matrix RO. The incorporation of CR improved
the pore size distribution of the matrices. It is implied that the
average pore diameter becomes closer due to the incorporation of
CR.

3.4. Effect of three different types of superplasticizers on physical
properties of CRCM hardened pastes

In order to expand the application scope of CR in con-
crete, the influences of superplasticizers on physical properties
and Cr(VI)-immobilising capability of cement matrices were
experimental studied. Sulphonated acetone formaldehyde super-
plasticizer (J1), polycarboxylate-based superplasticizer (J2) and
naphthalene superplasticizer (J3) were used in the research. The
difference of physical properties caused by the three different types
of superplasticizers is shown in Table 7.

As the increasing of CR, the setting time was shorted. Combined
with Table 6, the initial setting and final setting time of CRCM with

Effects of three different types of superplasticizers on physical properties of chromium residue-cement matrices hardened pastes

Samples Water demand for Setting time (min) fe (MPa) Ratio of f; (%)
normal consistency (%) Initial Final 3 days 7 days 28 days 3 days 7 days 28 days

RO-J1 22 186 289 56.7 73.9 85.1 100.0 100.0 100.0
R1-J1 20 181 283 59.6 67.4 82.0 105.0 91.2 96.4
R2-J1 19 140 243 45.2 63.2 80.1 79.7 85.5 94.1
R3-J1 18 84 177 443 51.1 79.5 78.1 69.1 93.4
R4-J1 17 72 178 45.6 50.8 741 80.4 68.7 87.1
RO-J2 18 290 384 72.5 76.2 106.1 100.0 100.0 100.0
R1-J2 17 240 315 65.4 84.6 95.9 90.2 111.0 90.4
R2-J2 16 223 290 55.9 75.2 87.8 77.1 98.7 82.8
R3-J2 16 198 273 529 69.5 76.8 73.0 91.2 72.4
R4-]2 15 181 252 50.2 56.5 71.2 69.2 74.1 67.1
RO-J3 18 229 320 58.8 96.3 111.7 100.0 100.0 100.0
R1-]3 18 218 293 56.3 83.8 85.3 95.7 87.0 76.4
R2-]3 17 170 259 47.6 80.8 81.4 81.0 83.9 72.9
R3-J3 16 149 245 45.5 78.7 80.9 77.4 81.7 72.4
R4-]3 15 107 222 41.5 72.4 75.6 70.6 75.2 67.7
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Table 8
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Effects of three different types of superplasticizers on the Cr(VI) concentrations in the leachate

Sample pH value of the leaching Leaching ratio of Cr(VI)/%

7 days 28 days 7 days 28 days

pH3 pH7 pH3 pH7 pH3 pH7 pH3 pH7
R1-J1 11.74 12.38 11.94 12.15 20.7 12.7 5.5 3.0
R2-J1 11.77 12.29 11.75 12.20 12.7 7.9 7.8 4.5
R3-J1 11.66 12.02 11.68 12.25 13.2 6.6 85 44
R4-J1 11.50 12.30 11.70 12.23 16.4 9.1 7.0 5.0
R1-J2 11.50 12.25 11.86 12.18 15.2 8.0 6.9 3.1
R2-]2 11.58 12.05 11.84 12.30 1.3 52 4.6 1.7
R3-J2 11.50 12.05 11.66 12.10 8.8 5.4 4.9 2.0
R4-]J2 11.50 12.20 11.41 12.01 8.4 4.8 5.4 1.9
R1-J3 11.47 12.23 11.55 12.24 8.1 14 11.6 5.0
R2-J3 11.70 12.19 11.33 12.24 45 1.7 14.5 3.2
R3-J3 11.75 12.30 11.48 12.24 5.7 14 121 4.1
R4-]3 11.44 12.06 11.76 12.30 7.7 14 10.4 4.8

]2 were retarded than ones without J2. When the volume of CR in
the matrices exceeded 10%, the setting time of CRCM with J1 were
shorted than ones without J1. ]3 matrices had similar experimen-
tal results to J1. At the same time, it revealed that the compressive
strength decreased while the CR volume increased. The difference
between the effects of three types of superplasticizers on compres-
sive strength of CRCM was not significant. Compared with others,
]2 had slight advantage in improving the compressive strength of
CRCM hardened pastes.
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3.5. The influence of superplasticizers on Cr(VI)-immobilising
capability of cement matrices

The influence of superplasticizers on Cr(VI)-immobilising capa-
bility of cement matrices was studied by analysis the Cr(VI)
concentrations in the leachate of CRCM hardened pastes. Based on
the leaching concentrations, leaching ratio were calculated through
the ratio of Cr(VI) quantities in the leachate of CRCM to the total
Cr(VI) quantities of the pastes multiplied by 100%. The pH value
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Fig. 4. AY: the limit concentration for Cr(VI) based on Chinese National Standard GB 5085.3-1996. Effects of different types of superplasticizers on Cr(VI) concentrations in

the leachate of CRCM hardened pastes.
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Fig.5. Effects of with and without ]2 on the compressive strength of CRCM hardened
pastes at 28 days ages.

of the solution medium in the leaching test has an obvious effect
on the Cr(VI) concentrations of the leachate. Detailed results were
reported in Table 8 and Fig. 4.

As shown in Table 8, the pH value of CRCM leachate at the curing
age of 1, 28 days were between of 11.30 and 12.00 at pH 3, and
between 12.00 and 12.30 at pH 7.

Based on the leaching experimental results, Cr(VI) concentra-
tions of the leachate from CR was 332 mg/L at pH 7 and 413 mg/L
at pH 3. The allowable concentration given by WHO [35] for Cr(VI)
in drinking water is 0.05 mg/L. There are many different types of
standards concerning the limit concentration of Cr(VI) in China.
On the basis of Chinese National Standard GB3838-2002 (Environ-
mental quality standards for surface water), the limit concentration
of Cr(VI) for type I surface water is 0.01 mg/L, and 0.05 mg/L for
types II, Il and 1V, 0.1 mg/L for type V. The Integrated wastewa-
ter discharge standard (GB8978-1996) is 0.5 mg/L. Complying with
Chinese National Standard GB5085.3-1996 (identification standard
for hazardous wastes-identification for extraction procedure toxi-
city), the allowable regulatory limit for Cr(VI) is below 1.5 mg/L. In
this research, we discussed the leaching results according to the
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Fig. 6. Effects of with and without J2 on the Cr(VI) leaching ratio in the leachate of
CRCM hardened pastes at 28 days ages.

Fig. 7. SEM micrograph of R3-J2 (28 days).

limit concentration of 1.5 mg/L, which was adopted widely in many
studies [36,37].

As shown in Fig. 4, whether pH 3 or pH 7, the Cr(VI) concentra-
tions in the leachate of CRCM with J1 or J2 were lower than with
J3, and they decreased as the hydration period was delayed. How-
ever, the Cr(VI) concentrations in the leachate of CRCM with J3 at
28 days were higher than at 7 days, which deteriorated the long
security. Compared with others, J2 had a better effect on Cr(VI)-
immobilising capability. When CR volume rose to 40% at 28 days
with pH 7, the Cr(VI) concentration in the leachate was still below
the limit concentration. While CR volume could be attain 20% with
pH 3 at hydration of 28 ages, the Cr(VI) concentration was just close
to the limit of 1.5 mg/L. Additionally, compared with the experimen-
tal condition, Cr(VI) leaching in situ is a slow and diluting process
and only few grains are below 5 mm, so the Cr(VI)-immobilising
capability of ]2 could be more reliable in the practical environment.

3.6. Further comparison of J2’s influence on the compressive
strength and leaching ratio of Cr(VI) of CRCM hardened pastes at
28 days ages

Based on the above discussion, it was revealed that some benefit
of chromium(VI)-immobilising capability of cement matrices was
achieved in the presence of J2. For further research, we compared
with the compressive strength and Cr(VI) leaching ratio of CRCM
hardened pastes with ]2 and ones without it at the hydration of 28
days. The results were reported in Figs. 5 and 6.

As shown in Fig. 5, the incorporation of ]2 increased the com-
pressive strength of matrices at 28 days while the pore size
distribution of CRCM became closer (result from Section 3.3), com-
pared with ones without J2. For example, the compressive strength
of R1-J2 was 95.9 MPa, which was an increase of 3.0% to R1 matrix.
The compressive strength with R4-]J2 matrix increased to 7.9%.
Obviously, the benefit of J2 on compressive strength of CRCM was
higher with increasing of CR volume. In addition, it was observed
from Fig. 6 that under the same CR volume condition, whether
pH 3 or 7, the Cr(VI) leaching ratio from CRCM with ]2 was lower
than ones without it. When we took 40% CR volume as an example,
Cr(VI) leaching ratio with ]2 in the leachate decreased by 60% than
matrix without J2 at pH 7, and by 34% at pH 3. Also, as shown in
Fig. 7, the scanning electron microscope (SEM) micrograph of R3-
]2 indicates that the microstructure of paste is closer and produces
more hydration product C-S-H gel. In accordance with the above
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experimental results, the compressive strength was increased and
the Cr(VI) leaching behavior was improved by incorporation of J2. It
isobvious that ]2 is a good material that effectively immobilized the
leaching of Cr(VI) from CRCM hardened pastes. Further investiga-
tion of the mechanism of superplasticizers on Cr(VI)-immobilising
capability in the leachate of CRCM hardened pastes was needed.

4. Conclusions

Based on the analysis of chemical, mineralogical components of
CR and the experiment of compressive strength of CRCM hardened
pastes, CR has a certain cementitious properties. The incorporation
of CR modestly retards the setting time, slightly decreased the com-
pressive strength and the water demand for normal consistency.
Overall, the CR has less influence on the early compressive strength.
The CR can improve the pore size distribution of the matrices. Com-
pared with the control matrix, the incorporation of CR makes the
porosity and bigger pores above 500 nm decrease, but the total spe-
cific surface area and gel pores below 10 nm increase. The Cr(VI)
concentrations in the leachate of CRCM are increased with the
incorporation of the CR volume. Among the three superplasticizers,
]2 has an advantage on Cr(VI) immobilization. Under the hydration
of 28 days, CR maximum volume attains 40% with pH 7, for 20%
with pH 3 when the Cr(VI) concentration of R3-]2 cement matrices
was close to the limit of 1.5 mg/L.
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