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a b s t r a c t
This work demonstrates the electroplating sludge (ES) drying and the control method of heavy 
metal exhaust during the low-temperature drying process. The drying efficiency of ES has a max-
imum value at an air volume of 1.1 m3 h–1 and a drying temperature of 70°C. The release amounts 
of heavy metals of the process were measured with inductively coupled plasma. Specifically, the 
release amounts were 0.009, 0.124, 0.170 and 2.097 µg g–1 for Cu, Ni, Mn and Zn without the employ-
ment of control methods, respectively, which exceed China’s National Standard. Nevertheless, the 
release amount of heavy metals can meet the National Standard after the exhaust gas was washed 
by absorption solution with pH above 5. Further, the maximum absorption rates of Cu, Ni, Mn and 
Zn were 63.97%, 98.79%, 98.16% and 99.24%, respectively at a pH of 13. The absorption rates of Cu, 
Ni, Mn and Zn were 63.67%, 90.68%, 97.87% and 91.37%, respectively when water was used as the 
absorption solution with a pH of 7, which was a low-cost method. Dried ES sample was analyzed 
by X-ray diffraction, X-ray photoelectron spectroscopy and scanning electron microscopy–ener-
gy-dispersive X-ray analysis. The released amount of heavy metals increased with the increase of 
the content of heavy metals in ES. Electroplating enterprises will save 46.3% disposal cost by drying 
electroplating sludge at low-temperature.

Keywords:  Water washing of heavy metals; Electroplating sludge; Hazardous waste; Low-temperature 
drying

1. Introduction

Hazardous waste has routinely been one of the poten-
tial issues that pollute the environment. Hazardous waste 
is mainly derived from the end products of many indus-
trial and chemical activities [1]. Any release of pollutants 
from hazardous wastes will cause an ultimate impact on 
human health and potential threats to the environment [2]. 
Based on the newest statistics of the Chinese government, 
the production amount of hazardous waste was increased 

to 69.4 million tons in 2017 [3], most of which was gener-
ated from the raw chemical materials and chemical product 
industry sectors [4]. The hazardous degree of hazard-
ous waste is related to the composition of pollutants and 
applied treatment methods [5]. In order to avoid the harm-
ful effect of hazardous wastes on the environment, they 
must be strictly managed and reasonably treated under 
national and local laws [6]. In recent decades, different 
approaches have been attempted to dispose of hazardous 
waste by many researchers. The methods include harmless 
disposal [7], cyclic utilization [8], reduction treatment [9].
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Among these methods, cyclic utilization has been attract-
ing more attention owing to its sustainable development, 
saving resources and relatively inexpensive cost [10,11]. 
The increasing global demand for metals makes metal 
recovery from continuously generated resources and waste 
more appealing [12]. As a result, various kinds of alterna-
tive leaching techniques, including ultrasonically enhanced 
two-stage acid leaching process [13], a combination of bio-
electrical reactor and acid leaching method [14], and phos-
phate participation in the hydrochloric acid medium [15] 
are increasingly utilized. However, the acid pollutants 
generated from leaching technology demand being treated 
in a suitable way which needs the expenditure of a good 
deal of water, money and energy [16].

Harmless disposal is also commonly utilized for haz-
ardous waste disposal due to its wide applicability [17]. 
The cement rotary kiln co-processing has been effectively 
limited for toxicity of heavy metals from hazardous waste 
[18]. Zhang et al. [18] found that the effect of cement rotary 
kiln co-processing technology is better for fixed As, Pb, Zn. 
Alternately, Qian et al. [19] employed MSWI fly ash-based 
Friedel matrices to efficaciously immobilize chromium- 
bearing galvanization sludge. The co-disposal of MSWI fly 
ash-based Friedel matrices with active aluminum is promis-
ing an available way to immobilize chromium-bearing gal-
vanization sludge. Liu et al. [20] reported that the efficiency 
of cement/activated carbon (AC) solidified/stabilized (S/S) 
for phenol-containing hazardous wastes. The results indi-
cated that S/S products with 2% added AC should be dis-
posed of landfills. Therefore, those methods provide rapid 
curing and expand the scope of their applications and per-
formances of solidified/stabilized for hazardous waste [21].

In order to obtain the efficiency of reduction treat-
ment for hazardous waste, different approaches have been 
attempted by many researchers. Dai et al. [22] reported 
a direct drying method with the flue gas temperature of 
100°C–200°C, which removed 16%–42% PM2.5, 26%–55% 
PM10, and 7%–25% SO2 from the flue gas and also preserve 
95% calorific value in the sludge. Rao et al. [23] used an ultra-
high-pressure (UHP) and thin cake press dewatering device 
for the sludge via the addition of little or no cationic poly-
acrylamide and reported that the sludge with high organic 
matter content and thickness is hard to be dewatered.

Sludge drying could reduce the weight of sludge 
achieved by dehydration [24], heat treatment [25] or other 
methods. Numerous researches have been conducted on 
dehydration methods for sludge drying. The electromag-
netic induction heating method was proposed by Xue et 
al. [26] for sludge drying. It was found that the drying rate 
and the release of VOCs are highly related to the working 
voltage. Tuncer et al. [27] numerically and experimen-
tally investigated the experimental results of the novel 
convex-type solar absorber-assisted dryer and found that 
it shortened the drying time and promoted energy effi-
ciency. Therefore, it is important to employ a new method 
for low-temperature drying of the sludge. A steam of hot 
dry air 50°C–70°C was utilized to pass through the sludge 
and direct contact between hot dry air and sludge with 
speed the water evaporation. Grimm et al. [28] investi-
gated an important method that chemical sludge can be 
quickly dried at low-temperature. It indicated that collision 

between the cyclone wall and particles played a crucial 
role in enhancing the efficiency of heat and mass transfer. 
However, the release of NOx and SO2 increased with an 
increasing amount of chemical sludge in the mixtures.

The common pollutions in the exhaust gas of hazard-
ous waste sludge include heavy metals and VOCs [25]. 
The direct emission of exhaust gas, which does harm to the 
environment, cannot be a proper solution [29]. Moreover, 
the cumulative cancer risks affected by the poisonous 
VOCs exceeded a normal risk level [30,31]. Simultaneously, 
electroplating sludge (ES) is a typical hazardous waste of 
heavy metals, a large amount of heavy metals (i.e., Cu, Cr, 
Ni, Zn, etc.) will be released from ES [32]. Many methods 
for removing heavy metals from sludge have been stud-
ied [33,34]. Tang et al. [35] investigated a biodegradable 
complexing agent tetrasodium of N,N-bis(carboxymethyl)
glutamic acid as an electrolyte to improve heavy metals 
(Cu, Zn, Cr, Pb, Ni and Mn) removal efficiencies. Tang et 
al. [36] found rhamnolipid, saponin and sophorolipid were 
used to enhance heavy metals removal from the sludge in 
the electrokinetic tests. Other researchers also did stud-
ies in the combined rhamnolipid and saponin was used 
to enhance metals removal from sludge in the multiple 
washing steps [37]. However, there is no way to control the 
release of heavy metals, it will destroy the natural environ-
ment and cause potential carcinogenic risks and damage 
organs to human beings due to the large number of heavy 
metals were released from ES [38]. Therefore, searching 
for an appropriate method with low energy consumption 
and reasonable control the heavy metal release can be an 
important issue for researchers.

The ES drying case (Fig. S1) of the electroplating plant 
in Huzhou (Zhejiang Province) was investigated. It was 
found that the pollution of heavy metals of the exhaust 
gas was previously ignored in the plant. Furthermore, 
amounts of heavy metals of the untreated exhaust gas 
exceed China’s National Standard and the sedimenta-
tion amount of heavy metals near the exhaust outlet also 
exceed the National Standard according to the detec-
tion. The amounts of heavy metals reached the National 
Standard after the exhaust gas was purified with water 
washing. Table S1 shows the comparison of the release 
amount of heavy metals before and after water washing, 
and Table S2 shows the sedimentation amount of heavy 
metals. Therefore, the experimental scheme to study the 
release effect and the control method of heavy metals in the 
exhaust gas of the ES drying process was studied.

In this paper, the potential environmental risks of the 
exhaust gas in the low-temperature drying of ES in Zhejiang 
were evaluated. An experimental simulation device was 
established. The release characteristics of heavy metals and 
the effective control of heavy metals during the ES dewater-
ing process at low-temperature (50°C–70°C) were investi-
gated. The affecting factors of temperature, the air volume 
and drying time on moisture content and drying rate were 
studied, and the release characteristics of heavy metals (i.e., 
Cu, Ni, Mn and Zn) of ES were summarized. Moreover, 
the exhaust gas was purified by the water washing in dif-
ferent drying conditions and the effective control of heavy 
metals was investigated. The influence of factors (i.e. tem-
perature, air volume and drying time) was investigated on 
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the process performance to summarize a relatively opti-
mal condition, which provides a reference for the future 
optimization and upgrading of low-temperature drying 
equipment in the field of sludge reduction.

2. Materials and methods

2.1. Agents and ES samples

In this experiment, the raw ES (stored at room tempera-
ture) was collected from a galvanization plant in Huzhou, 
Zhejiang. Deionized water was employed to prepare water 
washing. The sulfuric acid (AR, 98%) and the sodium 
hydroxide (AR, 99.5%) were used for the pH adjustment.

Electroplating sludge samples were collected after a plate 
and frame filter press in an electroplating factory in Huzhou, 
Zhejiang Province. A 16 mesh sieve was used to screen 
ES to remove the smaller particles (particle size < 1 cm). 
Deionized water was adjusted to the desired pH by dilute 
H2SO4 or NaOH solution to prepare water washing.

2.2. Experimental procedure

The batch experiments were performed in 250 mL 
wash bottles containing 70 g ES sample in the oven at a 
stable temperature for 1~5 h and the bottleneck was sealed 
with stainless steel filter. The reactor was linked with two 
250 mL wash bottles containing 70.00 mL absorption solu-
tion by rubber tubes. The air volume was adjusted by a fan 
and a rotameter. At the end of the experiment, the ES was 
heated to 105°C for 5 h to obtain the solid sample and then 
weighted for the subsequent analysis of the dewatering rate. 
The laboratory setup is described in Fig. 1.

2.3. Dewatering rate

The experimental dewatering conditions (temperature, 
drying time, air volume) of the experiment were optimized 
to improve the dewatering efficiency. The moisture content 
and drying rate for the ES samples were calculated.

The moisture content of the ES was obtained by using 
the following formula:
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where ω is the moisture content of ES (%), G0 is the initial 
weight of ES (g) and G is the weight of ES after drying (g).

The dewatering rate of the ES was obtained by using the 
formula:
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where j is the drying rate for ES (g g–1 h–1), G0 is the initial 
weight of ES (g), G1 is the dry weight of ES (g), ω0 is the 
initial moisture content of ES (%), ω1 is the moisture con-
tent of ES after drying (%), and t is the drying time (h).

2.4. Material characterization

The concentrations of Cu, Ni, Zn, Mn in the absorp-
tion solution were determined by the inductively coupled 
plasma (ICP, Thermo Fisher X Series 2). Scanning elec-
tron microscopy (SEM, ZEISS, Gemini 300) with energy- 
dispersive X-ray analysis (EDX) was used to characterize 
the distribution of Cu, Ni, Zn, Mn elements and surface 

 
Fig. 1. Experimental set-up.
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morphology of the solid samples. The metal species and 
the composition of the powder sample were obtained by 
X-ray photoelectron spectroscopy (XPS) analysis. The XPS 
analysis was carried out using the ESCALAB 250Xi with an 
Al K-alpha 1,486.6 eV and binding energy was calibrated 
with the C 1s peak (as 284.8 eV). X-ray diffraction (XRD) 
analysis of the dried ES powder was performed over the 
Bruker D8 with Cu Kα-radiation at room temperature.

3. Results and discussion

3.1. Characteristics of electroplating sludge

The XRD patterns of ES samples are shown in Fig. 2. 
It was obvious that the characteristic peaks of Cu(OH)2, 
Ni(OH)2, MnO(OH), and Zn(OH)2 were presented. The 
peaks at 24.01° and 33.95° (2θ values) indicate the pres-
ence of Cu in the form of Cu(OH)2, peaks at 18.99°, 33.16° 
and 59.17° give the evidence for Ni(OH)2, while peaks at 
19.20° and 34.00° were ascribed to that of MnO(OH) and the 
peaks of 31.80° and 36.29° were the characteristic peaks of 
Zn in the form of Zn(OH)2. The XRD results demonstrated 
the existence of four heavy metal elements of Cu, Ni, Mn, 
Zn in ES samples.

The XPS spectra of ES are presented in Fig. 3. A typi-
cal wide scan survey spectrum of ES samples is shown in 
Fig S2, and the photoelectrons peaks of the survey spectrum 
reflect the major essentials e.g. Zn, O, Fe, Mn, Ni and C. 
The Cu 2p XPS spectrum displayed in Fig. 3a shows that 
the peak of 943.5 eV belongs to Cu2+ in Cu(OH)2 [39]. As 
demonstrated in Fig. 3b, Ni 2p XPS spectrum presents 
photoelectron lines at the binding energy of 856.1 eV and 
873.9eV, which attributed to Ni 2p3/2 and Ni 2p1/2, respec-
tively [40]. The high-resolution XPS spectrum (Fig. 3c) 

of Mn 2p is split into two sharp peaks at 641.8eV and 
653.4eV, corresponding to Mn 2p3/2, Mn 2p1/2 [41]. The 
high-resolution Zn 2p spectrum shows two main peaks 
located at 1,021.9 and 1,044.9 eV (Fig. 3d), respectively, 
which are attributed to the Zn 2p3/2 and Zn 2p1/2 spin- 
orbit peaks in the spinel Zn(OH)2 phase [42]. These results 
demonstrated the presence of Cu, Ni, Mn, Zn elements in 
the ES, which is consistent with the XRD observation.

Through XRD and XPS characterization, it was proved 
that ES contains heavy metals (i.e., Cu, Ni, Mn, and Zn). 
Furthermore, Table 1 shows the calculated content of each 
heavy metal in ES. Obviously, the heavy metals were the 
main compositions present in the dried ES sample. The 
ES sample contained a large amount of Zn (5.42 wt.%), 
and a lower amount of Cu (0.13 wt.%), Ni (0.57 wt.%), Mn 
(0.54 wt.%).

The micro-morphology pattern of ES was monitored by 
SEM as shown in Fig. 4a. The micro-morphology pattern 
of ES was monitored by SEM as shown in Fig. 4a. It was 
observed that the surface of ES basically presents a dense 
structure. Further, enlarge Fig. 4a and b shows that some 
voids are uniformly distributed on the surface of ES, which 
was the channels of water evaporation and heavy metal 
release in ES. The spatial distribution of different elements 
of the ES was considered by elemental mapping analysis 
under EDX observation (Fig. 4c–f). The elemental map-
ping results showed that Mn, Cu, Ni and Zn are uniformly 
distributed on the surface of ES samples.

3.2. Relationship between influencing factors of low-temperature 
drying and dehydration efficiency

The water in sludge usually existed as free water, sur-
face water, interstitial water and bound water. Free water, 

Fig. 2. XRD patterns of ES sample.
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which is not bound to the particles; interstitial water, which 
is bound by capillary forces between the sludge floes; sur-
face water, which is bound by adhesive forces; and intracel-
lular water [43]. The sorting of binding energy from small 
to large was free water, interstitial water, surface water 

and bound water, which was the key factor of dehydration 
between water and sludge [44]. Heavy metal ions would 
be released with steam due to the evaporation during the 
dewatering of ES.

It can be seen from Fig. 5a that the moisture content 
of the ES sample decreased from 71.6% to 14.4%. The dry-
ing rate increased to the highest at 1 h (0.40 g g–1 h–1) and 
then steadily decreased to 0.13g g–1 h–1 at 5 h. According to 
the research elsewhere [45] and Fig. 5a, the free water was 
mainly evaporated at 60°C within 0–2 h in ES because the 
binding energy of free water was relatively low and it was 
easier to be broken. The moisture content of ES is 44.25% 
at 2 h. The interstitial water is mainly removed from 2 to 
5 h due to the energy generated by temperature is enough 
to destroy the binding energy of interstitial water. The bind-
ing energy between surface water as well as bound water 
and sludge was not destroyed. Thus, the drying rate didn’t 
drop suddenly again [45].

Fig. 3. (a) Cu 2p, (b) Ni 2p, (c) Mn 2p and (d) Zn 2p XPS spectra of ES sample after drying.

Table 1
Total contents of heavy metals in the ES

Element wt.%

Water 71.6
Ni 0.57
Zn 5.42
Cu 0.13
Mn 0.54
Other 21.74
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Fig. 5b shows that the moisture content with various air 
volume (0.3, 0.5, 0.7, 0.9 and 1.1 m3 h–1) were 41.80%, 35.96%, 
27.37%, 22.60% and 17.08%, respectively. Obviously, the 
drying rate gradually increased with the increase of air vol-
ume, due to the surface of sludge was dried rapidly with a 
large amount of air volume, which will reduce the heat con-
ductivity of ES.

Fig. 5c shows that the moisture content gradually 
decreases with increasing temperature. The moisture con-
tents at 50°C, 55°C, 60°C, 65°C and 70°C were calculated as 
40.80%, 32.09%, 27.03%, 22.80% and 16.31%, respectively. 
The drying rate increased from 0.17 to 0.19 g g–1 h–1 in the 
range of 50°C–55°C. According to the magnitude of bind-
ing energy in ES, the free water with minimum binding 
energy was firstly evaporated in the range of 50°C–55°C. 
Moreover, the surface water with higher binding energy 
was mainly evaporated at higher temperature (above 55°C) 
in ES, and the growth of drying rate slows down.

3.3. Effect of different conditions on release amount (RA) of heavy 
metals from electroplating sludge under different conditions

The release amounts of heavy metals (i.e., Cu, Ni, 
Mn and Zn) from the ES sample are illustrated in Fig. 6. 
It can be observed that the release amount of heavy met-
als increased with the drying time, and the release amount 
increased steadily in the range of 2–5 h because surface 
water was dewatered. Simultaneously, the release amount 
of heavy metals increased with the air volume in the 
low-temperature drying process because of the accelerated 
evaporation of water by increased air volume. Furthermore, 
the release amount of Mn increased with the temperature, 
the release curve of Cu has a peak at 60°C, and conversely, 
the release amount of Ni and Zn decreased with the tem-
perature. The reasons for this change should be considered 
from the sediment solubility product constant by metal 
ions [46] and the rest moisture content in the ES sample. 

 
Fig. 4. SEM images of ES (a and b) and EDX elemental mapping of (c) Cu, (d) Ni, (e) Mn, and (f) Zn.
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The sediment solubility increased with the temperature in 
the aspect of hydroxide precipitation. Meanwhile, the mois-
ture content of ES decreased with the temperature, and 
then the reduction of moisture content further inhibited 
the release of heavy metals. The sediment solubility prod-
uct constant of hydroxide precipitation (Cu(OH)2, Ni(OH)2, 
MnO(OH), and Zn(OH)2) were 4.8 × 10–20, 5.48 × 10–16, 
2 × 10–13 and 7.7 × 10–17, respectively [47, 48]. As shown in 
Fig. 6c, the Mn release curve shows that the solubility 
product constant of precipitation has a greater influence 
than the moisture content because Mn has the maximum 
solubility product constant. In the range of 50°C–70°C, the 
moisture content mainly affects the release of Ni and Zn, 

resulting in the curve decreasing gradually. Fig. 6c shows 
that the released amount of Cu is dominantly influenced by 
solubility product constant in the range of 50°C–60°C, and 
the influence of moisture content on the released amount is 
dominant in the range of 60°C–70°C. The released amount 
of Zn in ES was higher than other heavy metals, because 
the proportion of Zn in ES was much larger than other  
heavy metals [49].

3.4. Influence of exhaust gas after water washing under different 
conditions on discharge amount (DA) of heavy metals

A series of influencing factors including drying time, 
air volume and drying temperature were investigated to 

Fig. 5. Effect of (a) drying time, (b) drying temperature, and 
(c) air volume on moisture content and drying rate.

Fig. 6. The influences of (a) drying time, (b) air volume, and 
(c) drying temperature on releasing the heavy metal in the ES 
sample.
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examine the effectiveness of heavy metals (i.e. Cu, Ni, Mn 
and Zn) absorption of the exhaust gas with water. The 
change of heavy metal contents are illustrated in Fig. 7. 
As shown in Fig. 7a, the heavy metal contents in the puri-
fied exhaust gas increased with the drying time, and the 
absorption rate of Cu in exhaust gas were 49.42%, 46.53%, 
48.30%, 44.42% and 48.54% at 1, 2, 3, 4 and 5 h, respec-
tively. The maximum absorption rates of Ni, Mn and Zn in 
exhaust gas at 5 h, and the maximum values were 87.32%, 
93.59% and 86.19%, respectively. The minimum absorption 
rates were 73.32%, 83.19% and 72.93% at 1 h, respectively. 
The increase in temperature of the absorption solution 
leads to a higher absorption rate during the drying process. 
After water washing, the discharge amount of heavy met-
als all met the National Standard of China (GB 16297-1996, 
GB 25467-2010, GB 18485-2014).

Comparing Fig. 7b with Fig. 6b and calculating the 
absorption rates, it was observed that the absorption rate 
of Cu, Ni, Mn and Zn in exhaust gas were clearly higher 
at the air volume was 1.1 m3 h–1. The maximum absorption 
rates were 60.19%, 65.15%, 87.67% and 78.04%, respec-
tively. The absorption rate of Cu, Mn and Zn were the 
lowest when the air volume was 0.3 m3 h–1, and the min-
imum values were 32.90%, 38.00% and 34.35%, respec-
tively. The absorption rate of Ni reached a minimum of 
20.47% with the air volume of 0.5 m3 h–1. The excess heat 
of the exhaust gas led to an increase in temperature of the 
absorption solution, and an accelerated contact between the 
exhaust gas and the absorption solution with the increase 
of air volume, hence a better absorption efficiency of 
heavy metals was achieved at 1.1 m3 h–1.

Fig. 7c shows that the content of Ni, Mn and Zn in 
exhaust gas after water washing decreased with the 
increase of the temperature. Dissimilarly, the content 
of Cu in the exhaust gas exhibited a maximum value at 
50°C. The maximum absorption rates of Cu, Ni, Mn and 
Zn were occurred at the temperatures are 50°C, 60°C, 70°C 
and 65°C, respectively. Accordingly, the calculated values 
of absorption rate were 54.00%, 90.68%, 97.87%, 91.37%, 
respectively. The absorption rate of Cu decreased with the 
increase of temperature, indicating that Cu was sensitive 
to the temperature variation of the absorption solution. 
Meanwhile, the average absorption rates of Ni, Mn and Zn 
were 89.53%, 96.78% and 90.12%, respectively. Therefore, 
it shows that the absorption rate of Ni, Mn and Zn were 
relatively high and less sensitive to temperature. Hence, 
it is found that water washing has a practical purifica-
tion effect on heavy metals in the exhaust gas under the 
control of three factors and the final emission contents of 
heavy metals conform to the National Standard in China 
(GB 16297-1996, GB 25467-2010, GB 18485-2014).

3.5. Effect of absorption solution with different 
pH values on heavy metals in exhaust gas

As shown in Fig. 8, the contents of Cu, Ni, Mn and 
Zn in exhaust gas changed after the purification by wash-
ing solution with different pH values. All the contents of 
Cu, Ni, Mn and Zn in the exhaust gas decreased rapidly 
at the first stage and then approached to a steady pla-
teau. With the increase of pH of the absorption solution, 

the absorbed content of heavy metal ions by the solution 
finally approaches to stable values. The turning points 
showed up at the corresponding pH were 5, 3, 2 and 4 for 
Cu, Ni, Mn, Zn, respectively. The purification rates at the 
turning points of the four heavy metals reached 40.95%, 
76.73%, 68.88% and 85.72%, respectively. Finally, the purifi-
cation rates were 63.97%, 98.79%, 98.16% and 99.24% at pH 
of 13. The occurrence of a turning point in each curve was 
attributed to the precipitation of hydroxide corresponding 
to metal cations, which leads to a fixation of heavy metal 

Fig. 7. Effect of (a) drying time, (b) air volume, and c) drying 
temperature affect the discharge amount of heavy metals in the 
exhaust gas after water washing.
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ions in the absorption solution. Accordingly, the purifica-
tion effects of heavy metals (i.e., Cu, Ni, Mn and Zn) in the 
exhaust gas performance well at pH above 5. Therefore, it is 
appropriate to directly use water as a purification solution, 
which is consistent with the conclusion in 3.4 sections.

4. Conclusion

In this study, a control method for exhaust gas from 
ES reduction treatment process by low temperature dry-
ing was proposed. The results demonstrate that the dry-
ing efficiency of ES sample was the fastest at 70°C and 
1.1 m3 h–1, and the drying rate gradually decreases with 
drying time. Meanwhile, the maximum released amounts 
of Cu, Ni, Mn and Zn from ES reached 0.009, 0.124, 0.170 
and 2.097 µg g–1, respectively, which influenced by air 
volume, temperature and moisture content. Batch tests 
showed that heavy metals in the exhaust gas had surpassed 
maximum national regulatory levels. Further, the absorp-
tion efficiency of heavy metals with water was obvious, 
especially for Ni, Mn and Zn, the absorption rate reached 
90.68%, 97.87% and 91.37%, respectively. The absorption 
rate of Cu reached 63.67% at 60°C and 1.1 m3 h–1 in this 

experiment. Subsequent research that the purification 
effect of heavy metals in the exhaust gas increased with 
the increase pH of absorption solution. The purification 
rates for Cu, Ni, Mn and Zn were 63.97%, 98.79%, 98.16% 
and 99.24%, respectively when pH was 13. The exhaust 
gas water washing test indicated that the risk of releasing 
heavy metals from ES would be reduced substantially and 
satisfied the regulatory standard. Therefore, knowledge of 
the release mechanism of heavy metals from ES is useful 
for determining the economical control method for effi-
cient and effective absorb of heavy metal elements during 
the low temperature drying process. Electroplating sludge 
dried at low temperature, because of the weight reduction, 
its disposal cost can be reduced by 46.3%, the specific data 
were shown in Table S3. However, the main disadvantage 
of low-temperature drying method was the long time of  
the process.
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Supporting information

Table S1
Release amount of heavy metals before and after water washing at electroplating factory in Huzhou

Cr Ni Cu Zn

#1 (µg/m3) 258 3,990 286 8,595
#2 (µg/m3) 2.9 9.76 9.24 43.2
National Standard values (µg/m3) <7.5 <40 <60 <500
Remarks GB 16297-1996 GB 25467-2010 GB 18485-2014 GB 16297-1996

Note: #1 the amounts of heavy metals of the unpurified exhaust gas exceed China’s National Standard;
#2 the amounts of heavy metals of the purified exhaust gas met China’s National Standard.

Table S2
Sedimentation amount of heavy metals at electroplating factory 
in Huzhou.

Cr Ni Cu Zn

#1 (µg/m3) 158 2863 186 6754
#2 (µg/m3) 1.2 5.6 3.8 32.8

Note: #1 the sedimentation amounts of heavy metals of the unpuri-
fied exhaust gas;
#2 the sedimentation amounts of heavy metals of the purified 
exhaust gas.

Table S3
Calculation of electroplating sludge disposal cost

Item
Moisture 
content (%)

Weight 
(t/d)

Disposal cost 
(RMN/t)

Drying cost 
(RMB/t)

Disposal cost 
(RMB/d)

Untreated electroplating sludge 71.6 5 1,500 0 7,500
Drying treatment of electroplating sludge 20 1.78 1,700 200 4,026
Cost saving – – – – 3,474

Note: The drying cost was calculated by the amount of untreated electroplating sludge;
Electroplating enterprises will save 46.3% disposal cost.
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