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List of Videos:
Video S1 Motion of the CA@CaCO3 and CA@MnCO3 micromotors in DI wa-
ter.
Video S2 Motion of the CA@CaCO3 and CA@MnCO3 micromotors in CWW
of pH 9.
Video S3 Motion of the CA@CaCO3 and CA@MnCO3 micromotors in NaOH
solution of pH 9.
Video S3 Microscopic neutralization of CWW by CA@CaCO3 and CA@MnCO3

micromotors in presence of anthocyanin dye.
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S1 Problem Statement - Controlled Contamina-
tion of ground water due to tunnel excava-
tion

Figure S1: a. A beautiful mountain from Jena, Germany. Infrastructure
projects such as digging a tunnel through mountains has an impact on hy-
drological subsystems of environment and can contaminate the ground water.
b. For a tunnel project, first, temporary support walls made of concrete with
drainage holes is used to reduce the hydrostatic pressure. Water coming in
contact with the concrete becomes alkaline and hence the ground water needs
adequate treatment. c. A finished precut with advancing tunnel excavation.
d. Finished excavation with first shell of concrete lining applied as temporary
support. The ground water passes over the sprayed concrete surfaces and most
of time the pH reduction is obtained by active and controlled CO2 induction.
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Method Material
Cost to neu-
tralize 1000 L
of CWW (in
euro)

Advantage Disadvantage

†Dilution - - Amount of water re-
quired is very high. 1
L of CWW (pH 12) re-
quires 100000 L of tap
water to neutralize.

†CO2 pump 0.35* High level of
control in neu-
tralization

External power supply
is required.

†Strong Acids
(HCl, HNO3,
H2SO4 etc.)

>2.80 External
power supply
is not required.
There is no
initial set up
cost.

Careful han-
dling required.
Very hard to con-
trol the pH.

†Weak Acids
(Citric acid,
Oxalic acid
etc.)

>2.80 External
power supply
is not required.
There is no
initial set up
cost.

Very hard to control
the pH.

‡Citric
acid and
MCO3 hy-
brid (Present
study)

>3.92
[M=CaCO3]
>3.78
[M=MnCO3]

Easy to handle
and to con-
trol the pH.
No external
power supply
is required.

Needs to be tested at
the industrial scale.

* Setup cost is not considered. †Taken from reference. [5] ‡Cost calculation is
based on macroscopic neutralization experiments (cost evaluated for 12 mL
CWW was correlated for 1000 L CWW )(Figure 6c). Industrial prices of citric
acid (0.69 Euro/Kg) and carbonates (CaCO3: 0.23 Euro/Kg, MnCO3: 0.94
Euro/Kg) were considered for the cost evaluation.

Table S1: Overview of different methods used for neutralization of CWW
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S2 Synthesis of CaCO3 and MnCO3

Figure S2: Detailed scheme for the synthesis of a.CaCO3 b.MnCO3.

Figure S2a and S2b shows a scheme of synthesis of CaCO3 spheres and MnCO3

cubes. In the right-hand side of the figure the corresponding SEM and opti-
cal images are shown which confirms the formation of the spherical and cubic
morphology of the synthesized particles.
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S3 Characterization of Carbonate particles

Figure S3: FTIR spectrum of as synthesized particles a. CaCO3 b. MnCO3

Figure S4: XRD patterns of as synthesized a. CaCO3 b. MnCO3 particles with
corresponding JCPDS data.

The FTIR spectrum of the carbonate particles can be seen from Figure S3.
CaCO3 shows a characteristic absorption peak at 873 and 674 cm−1. A small
peak at 1088 cm−1 and a broad peak at 1400 cm−1 corresponds to the absorption
peaks of symmetric and asymmetric stretching of carbonate groups (see Figure
S3a). [2] For MnCO3 (Figure S3b), sharp peaks at 725 and 860 cm−1 and a
broad band at 1400 cm−1 corresponds to the characteristic vibrational bands of
carbonate group. [4,7]

X-ray diffraction of the prepared samples was done to determine the crystalline
phase of the prepared materials. CaCO3 exists in three crystalline states Calcite,
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aragonite, and vaterite. [3] The as-synthesized CaCO3 showed mixed phases of
calcite (marked in green with corresponding JCPDS file (C5-586) in Figure S4a)
and vaterite (marked in pink with corresponding JCPDS file (C33-268) in Figure
S4a). The MnCO3 existed in Rhodochrosite form as the XRD pattern showed
good agreement with its JCPDS file (C7-268) shown in Figure S4b.

S4 Measurement of size and zeta potential of
the micromotors at different pH

Figure S5: Image of a. CaCO3, b. MnCO3 particles in different pH solutions.
zeta potential and size of the c. CaCO3 d. MnCO3 particles at different pH.

The size and zeta potential of the micromotors was measured in auto-titration
mode using Zetasizer Nano ZSP (as seen in Figure S5). A mixture of carbonate
particles and NaOH solution (pH 9) was titrated with 0.1 M HCl from pH
9 to pH 3. Size and zeta potential was measured automatically by the DLS
instrument attached to the autotitrator at every 0.5 pH unit interval. It can be
observed from both Figure S5c and S5d that the zeta potential value increases
while the size of the particles decreases with the reduction of pH.
As the pH approaches to 6, the particle size reduces to zero due to complete
dissolution in case of CaCO3, causing abortion of any measurements after that
point. This can also be reflected with the images shown in Figure S5a, here
same amount of particles were added in an equal volume of buffer solution of
correlating pH (pH 3-9). The vials were sonicated and imaged. As can be seen
the vials with solutions below pH 6 are transparent showing complete dissolution
of the CaCO3 particles.
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From the measurements of MnCO3, despite the trend is similar to CaCO3, the
size of the particles never reduces to zero in this pH range. The visual bulk
images (Figure S5b) also confirms that the particles do not dissolve even at
acidic pH.

S5 Measurement of conductivity of different medi-
ums used for motion studies

Medium Conductivity (mS/cm)
MQ Water 0.023

NaOH(pH 9) 3.15
CCW(pH 9) 0.189

NaOH(pH 11) 8.83
CCW(pH 11) 6.283

Table S2: Conductivity values of MQ water, NaOH (pH 9 and 11) and concrete
wash water (CCW) (pH 9 and 11)

The conductivity measurements of the mediums used for motion studies were
done using Zetasizer (Table S2). 100 nm silica particles were used as tracers for
these experiments. It can be seen from the table that the conductivity for MQ
water is very low. For both NaOH and CWW (pH 9) the conductivity is high
which corresponds to high ionic strength and this explains the slightly lower
speed of motors (Figure 4b). [1,6] If the pH is further increased to 11 for NaOH
and CWW, the conductivity increases drastically, thus limiting the motion of
the motors.
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